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Preface 


!  he  validity  of  constraining  the  responses  of  today's  control  dominant  aircraft  to  conform  to  the  classic  flying  qualities  criteria 
derived  from  stability  dominant  aircraft  experience  has  been  an  issue  for  many  years  The  introduction  of  full  time  visual  scene 
enhancement  with  sensor  fusion,  and  computer  generated/interpreted  night  scenes,  also  escalates  display  dynamics  into  the 
arena  of  flying  qualities  concern. 

Integrated  flight  and  propulsion  control  schemes  and  direct  force  controllers  have  the  potential  for  completely  coupling  all  the 
sensors  with  all  the  controllers  to  provide  any  combination  of  controlled  motion  from  six  independently  controlled  single¬ 
degree  of  freedom  systems  to  a  single  completely  coupled  six-degrees-of-freedoir  system. 

I  hese  new  technologies  have  expanded  flight  envelopes,  reduced  drag,  increased  niancEuvrability.  provided  the  framework  for 
practical  gust  alleviation  and  active  flutter  suppression,  and  provided  flexibility  for  faun-tolerant,  damage-adaptive  flieht 
controls. 

Kowevei,  the  updating  of  flying  qualities  criteria  has  in  general  not  kept  pace  with  these  technological  changes.  The  purpose  of 
this  Symposium  was  to  review  flying  qualities  issues  today,  and  to  report  progress  towards  their  resolution.  The  following  topic- 
areas  were  covered: 


—  Flying  Qualities  Experiences  on  Contemporary  Aircraft 

—  Application  of  Flying  Qualities  Specifications 

—  Flying  Qualities  Research 

—  Flying  Qualities  at  High  Incidence. 


!hc  concluding  Round  Table  Discussion  provided  the  Session  Chairmen  with  an  opportunity  to  share  with  the  Symposium 
attendees  their  view  of  the  major  issues  relevant  to  their  session  topic  which  need  to  he  addressed  in  the  future. 


Ill 


Preface 


Dupuis  de  nombreuses  annees,  la  communautc  de  la  mccanique  du  vol  s'interroge  sur  la  validity  dc  la  methode  qui  consistc  a 
moduler  les  reponscs  des  aeronefs  d’aujourd’hui,  qui  sont  caracterises  par  la  commande,  pour  qu’elles  sc  conformcnt  aux 
cn teres  des  qualites  de  vol  classiques  qui  decoulent  des  aeronefs  caracterises  par  la  stabilite. 

L’arrivec  des  systemes  d'enrichissement  permanent  de  I'image  combines  avec  1’interconnexion  des  capteurs,  ainsi  quo 
I’imagerie  nocturne  cree/analysee  par  ordinateur,  fait  passer  la  dyriamique  de  la  visualisation  dans  le  domaine  des  qualites  dc 
vol. 

Les  systemes  integres  de  commande  de  vol  et  de  commande  de  la  propulsion  et  les  systemes  de  controie  direct  des  forces 
permettent  d  envisager  le  couplage  direct  de  tous  les  capteurs  avec  toules  les  commandes  pour  realiser  toute  combinaison  dc 
mouvement  commande,  allant  de  six  systemes  a  un  seul  degre  de  iiberte  et  a  commande  individuelle.  it  un  seul  systeme  it  six 
degres  de  Iiberte  et  a  couplage  integral. 

Ces  nouvelles  technologies  ont  eu  pour  effet  d'elargir  le  domaine  de  vol,  de  reduire  la  trainee,  d’aco mitre  la  maniabilite,  de 
fournir  I’environnernent  technologique  favorable  a  I’attenuation  des  rafales  et  a  la  suppression  du  fiottement  et  d’amener  la 
flexibility*  demandee  pour  la  realisation  de  commandes  dc  voi  inscnsibles  aux  defaillances  et  adaptatives  it  I'endommagement 
de  l'aeronef. 

Cependant,  les  criteres  applicables  aux  qualites  de  vol  n’ont  pas  suivi  ces  evolutions  technologiques.  L'objet  de  ce  symposium  a 
ete  d'examiner  les  questions  qui  se  posent  dans  le  domaine  des  qualites  de  vol  aujourd'hui,  et  de  rendre  compte  des  progres 
realises  en  vue  de  leur  resolution.  Le  symposium  a  traite  des  sujets  suivants: 

—  i  experience  acquise  dans  le  domaine  des  qualite;s  de  vol  sur  les  avions  modernes. 

—  La  mise  en  application  des  specifications  des  qualites  de  vol. 

La  recherche  en  qualitt's  de  vol. 

Les  qualites  de  vol  a  forte  incidence. 

Le  debat  “table  ronde"  qui  a  cloture  la  seance  a  fourni  aux  presidents  de  seance  ('occasion  d’avoir  un  echange  de  vues  avec  les 
participants  sur  les  principales  questions  qui  se  posent  dans  ce  domaine  et  qui  sont  a  resoudre  it  l'avenir. 
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VLYING  QUALITIES  RESEARCH  -  QUO  VADIS 

!iy 
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Deputy  Director,  Defense  R.  &  Eng. 
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United  States 


Thank  you  Dave  for  that  very  kind 
introduction . 


Good  morning  ladies  and  gentlemen. 

It  is  indeed  an  honor  to  present  one  of 
the  keynote  addresses  at  this  symposium. 
However,  I  do  have  a  some  concern  that 
members  of  the  AGA.KD  flying  qualities 
community  now  look  upon  me  as  a  senior 
citizen  for  it  seems  one  has  to  achieve 
that  status  in  order  to  give  a  proper 
keynote.  In  retrospect  that  may  bo 
closer  to  the  truth  than  I  care  to  admit, 
as  my  first  AGARD  presentation  was  twenty 
four  years  ago  to  the  flying  qualities 
symposium  in  Cambridge  England.  At  that 
symposium  I  delivered  a  paper  that 
presented  a  controversial  criterion  on 
the  susceptibility  to  longitudinal  pilot 
induced  oscillation  (PIO)  which  was 
developed  jointly  with  Mr.  A’harrah, 
current  chairman  of  the  flight  mechanics 
panel.  My  comments  today  may  be  equally 
controversial,  but  in  a  broader  context. 

My  remarks  this  morning  are  directed 
toward  fixed  wing  aircraft,  principally 
high  performance  tactical  aircraft. 
However,  as  evidenced  Ly  tire  title  of 
several  papers  on  the  agenda  at  this 
symposium,  they  will  soon  be  applicable 
to  helicopters  as  well. 

ask  the  students  of  Latin  to 
excuse  my  very  liberal  translation  of 
that  beautiful  language  in  the  title  of 
this  talk.  However,  I  believe  flying 
qualities  research  i s  at  a  cross  roads 
and  that  tilt:  community  should  address  the 
question  "What  are  the  future  directions 
in  this  discipline?" 

To  place  this  thesis  in  proper 
perspective,  I  will  briefly  trace  the 
history  of  flying  qualities,  to  explore 
the  more  noteworthy  highlights  of  the 
past  as  a  back  drop  to  explore  where 
flying  qualities  research  might  be  going 
,.  n  the  future. 

Before  embarking  on  our  historical 
journey,  I  believe  we  should  take  a 
moment  to  consider  this  technical  area 
and  those  characteristics  which  make  it 
unique  and  fascinatin''  area  of  research. 

•t  is  one  of  the  f  .isciplines  which 
;  set  together  higi  complex  dynamics 
•  tin  lyses  with  the  performance  and  likes 
and  dislikes  of  the  human  operator. 
pr< cti tioners  of  tbs  art  must: 

o  Be  thoroughly  schooled  in  aircraft 

dynamics  and  aerodynamics 


o  Bo  familiar  with  the  limitations 
of  the  human  operator 


0  Understand  the  attributes  of 
mission  effectiveness 

In  essence  flying  qualifies  research 
presents  the  classic  interface  problem 
among  the  disciplines  of  aerodynamics/ 
dynamics,  alectronics/controls ,  and  human 
factors.  Increasod  integration  of  these 
disciplines  and  a  blurring  of  the 
distinction  between  them  characterizes 
recent  trends.  There  is  no  reason  to 
believe  this  will  change  in  the 
foreseeable  future. 


Thus  far  I  have  referred  to  "Flying 
Qualities"  as  the  topic  of  my 
presentation,  and  indeed  that  is  the 
title  of  this  symposium.  However  when 
examining  the  agenda  for  this  meeting,  I 
note  the  intermixing  of  the  term 
handling  qualities"  with  that  of  "Flying 
Qualities".  I  would  not  have  thought 
much  of  this  difference  in  terminology, 
had  not  our  session  chairman,  Mr.  Key 
recently  brought  it  to  my  attention  that 
he  believes  there  is  a  distinct 
difference  in  the  application  of  these 
terms.  It  seems  that  "Handling 
Qualities"  is  concerned  with  flight 
control  (note-not  controls)  and  produces 
design  criteria,  assessment  techniques, 
and  design  tools.  Whereas,  "Flying 
Qualities"  is  concerned  with  the 
interface  with  the  pilot  primarily  to 
reduce  workload  and  improve  task 
performance.  If  one  accepts  those 
distinctions,  I  believe  history  shows  us 
that  early  experimenters  were  concerned 
primarily  with  "Handling  Qualities". 
However,  modern  practitioners  of  the  art 
must  concern  themselves  with  both  aspects 
of  the  discipline. 

The  importance  of  handling  qualities 
was  certainly  recognized  by  the  Wright 
Brothers,  as  seen  in  this  excerpt  from  a 
speech  Wilbur  made  in  1901: 


"The  difficulties  which  obstruct  the 
pathway  to  success  in  flying  machine 
construction  are  of  three  general 
classes:  1)  those  which  relate  to 
the  construction  of  the  sustaining 
wings,  2)  those  which  relate  to  the 
generation  and  application  of  power 
required  to  drive  the  machine 
through  the  p.ir,  3)  those  relating 
to  the  balancing  and  steering  of  the 
machine  after  it  is  actually  in 
flight.  Of  these  difficulties  the 
first  two  are  already  to  a  certain 
extent  solved;  but  the  tniid,  the 
inability  to  balance  and  steer  still 
confronts  students  of  the  flying 
problem.  When  this  one  feature 
has  been  worked  out  the  age  of 
flying  machines  will  have  arrived, 
for  all  other  difficulties  are  of 
minor  importance." 


We  all  know  that  during  the  next  two 
years,  the  Wright  Brothers  succeeded  m 
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ao  lvi.n«  that  difficulty,  at  Leant  to  the 
point,  that,  their  flying  machine  had 
sufficient  control  to  successfully 
accomplish  relatively  safe  flight. 
However,  wo  would  all  question  the 
adequacy  of  the  flying  qualities. 

Some  eight  years  after  the  first, 
flight  of  the  Wright  Brothers,  the  next 
major  component  of  today’s  flying 
qualities  was  developed  by  contemporary 
mathematicians.  It  was  the  British 
applied  mathematician,  G.  H.  Bryan  who 
placed  the  hole  problem  of  airplane 
dynamics  on  a  more  rigorous  mathematical 
basis  in  1911.  Bryan  introduced  the 
concept  of  "stability  derivates , "  broke 
the  total  airplane  motion  down  into 
symmetrical  and  rotative  components  and 
uncovered  the  nature  of  the  airplanes 
natural  frequencies.  Thus  the 
foundations  of  aircraft  dynamic  analysis 
were  established. 

It  was  not  until  almost  forty  years 
after  the  Wright  Brothers  first  flight 
that  the  final  element  of  modern  flying 
qualities  was  established.  The  work  at 
the  national  advisory  committees  for 
aeronautics  or  NACA  at  Langley  Field  in 
the  O.S.  which  began  in  the  1930’ s,  was 
coming  together  in  1940,  just  prior  to 
World  War  II,  in  a  group  of  sophisticated 
programs  to  correlate  airplane  stability 
and  control  characteristics  with  pilot’s 
opinions  on  the  airplane's  "flying 
qualities."  This  work  focused  cn  those 
factors  that  could  be  measured  in  flight 
and  could  be  used  to  define 
quantitatively  the  flying  qualities  of 
airplanes  The  fundamental  nature  of 
that  body  of  technology  that  we  call 
flying  qualities  has  not  changed  in 
almost  fifty  years. 

Almost  simultaneous  with  the 
establ ishment  of  flying  qualities  as  a 
technical  discipline,  was  the  development 
of  the  f  Irr.t  flying  qualities 
specification.  Thi3  work  was  performed 
by  E.  Warner  of  NACA  the  when  he  was 
a:  ked  to  prepare  the  sped f  icati ons  for 
the  Douglas  DC- 4  airplane.  Warner 
di  iicussed  the  problem  with  airline 
pilots,  industrial  development,  engineers, 
anc  the  NACA  staff,  and  his  specification 
was  the  -esult  of  these  studies.  While 
Warner  1.5  credited  with  the  development 
of  the  first  flying  qualities 
specification,  the  U.S.  Army  Signal  Corps 
had  some  thoughts  on  this  matter  in  1907 
when  they  drafted  the  specification  for 
the  first  military  airplane  to  he 
procured  from  the  Wright  Brothers. 

Flying  qualities  were  not  even  given  a 
stand  alone  paragraph  in  that  one  page 
specification,  but  merely  a  sentence 
which  is  as  follows: 

"During  this  trial  flight  of  one 

hour,  it  [the  airplane]  muse  be 

steered  ir:  ail  directions  without 

difficulty  and  at  all  times  under 

perfect  control  and  equ M ibrium . ' 

Those  requirements  are  almost 
elegant,  in  the!  r  simplicity. 

We  like  to  believe  that  we  have  come 
a  long  way  from  those  simplistic  times 


the  flight  regime  of  early  manned 
aircraft,  was  no  rudimentary  that  control 
power  was  the  key  to  success,  and  the 
aerodynamic:  instabilities  could  be 
stabilized  by  the  pilot  after  a  little 
practice.  As  airplanes  flew  faster  and 
became  more  heavily  loaded,  the 
divergences  of  the  unstable  airplane 
became  too  rapid  for  the  human  pilot  to 
cope  with  and  design  for  inherent 
aerodynamic  stability  became  mandatory. 

As  the  airplane  moved  into  more  and  more 
complex  flight  regimes,  the  capability  of 
designing  for  complete  aerodynamic 
stability  throughout  the  flight  envelope 
became  nearly  impossible.  Due  to  the 
great  nonlinearities  arising  from  power 
effects,  compressibility  and 
aeroelasticity  wa  have  had  to  introduce 
stabilization  elements  through  the 
control  system  to  aid  the  pilot  in 
controlling  the  airplane  to  perform  the 
mission.  Indeed,  modern  contiol 
technology  has  progressed  to  the  point 
where  we  now  intentionally  design 
airplanes  to  be  unstable  over  a  large 
portion  of  their  flight  envelope  to 
enhance  performance  and  mission 
effectiveness . 

These  advances  while  contributing  to 
overall  mission  effectiveness  have  caused 
their  share  of  problems  for  the  flying 
qualities  engineer  As  designers  rely 
more  and  more  on  the  flight  control 
system  to  compensate  for  poor  dynam5.es 
and  aerodynamics  of  the  airplane,  the 
flight  control  engineers  have  been  forced 
to  ever  higher  levels  of  complexity, 
resulting  in  total  system  dynamic 
characteristics  several  orders  greater 
that  those  first  identified  by  Bryan. 

The  result  is  that  we  are  no  longer  able 
to  identify  the  characteristic  modes,  not 
only  mathematically,  but  also  in  the 
airplane  response  characteristics. 


As  thi3  situation  evolved  over  the 
past  fifty  years ,  we  have  attempted  to 
define  and  redefine  criteria  to  insure 
"good  flying  qualities"  with  the  result 
that  today's  specification  is  an 
extremely  complex  document  which  has  to 
be  supported  by  a  back  up  manual  over 
eight  hundred  pages  in  length.  Still  we 
have  problems  defining  flying  qualities 
criteria.  This  has  resulted  in  efforts 
such  as  t.he  notion  of  equivalent  systems. 
In  thi3  concept  an  equivalent,  set  of 
second  order  response  characteristics  are 
derived  from  the  modal  characteristics  of 
the  complete  higher  order  airframe.  The 
criteria  for  acceptability  are  now 
defined  in  terms  of  these  equivalent 
characteristics.  In  my  view  we  are 
attempting  to  "force"  airplanes  which 
exhibit  new  and  unique  dynamics  into  our 
traditional  mode  of  thinking  about  flying 
qualities  criteria.  To  what  extremes  can 
we  continue  this  practice? 


Coupled  with  the  increase  in  control 
complexity  is  the  increasing  trend  toward 
cockpit  automation  We  have  such 
programs  a:,  integrated  fire  and  flight 
control,  wherein  we  demonstrated  the 
ability  to  shoot  down  a  drone  under 
flight  conditions  where  such  a  feat  was 


considered  impossible  in  the  past.  The 
pilot  remarked,  “I  don't  know  if  ho  [the 
automatic  system]  got  1l  or  I  got  it,  but 
we  got  it!"  Considei 1  ,g  that  much  of  our 
flying  qualities  research  for  military 
aircraft  is  devoted  to  defining  the 
characteris tics  of  a  stable  and  precisely 
controllable  weapon  delivery  platform, 
what  then  should  be  the  nature  of  this 
research  in  the  above  example? 

"The  drone  demonstration"  was 
accomplished  almost  ten  years  ago,  and  we 
have  been  pursuing  technology  development 
for  automated  ground  attack,  automated 
target  hand  off,  automatic  terrain 
following/terrain  avoidance,  automated 
systems  monitoring  and  flight  management 
and  much  more.  This  leads  me  to  the 
question,  "What  is  the  role  of  man  in 
cockpit?"  The  traditional  response  has 
been  that  he  will  become  a  manager  of  the 
battle.  I  have  not  discussed  this  with 
very  many  pilots,  but  I  do  know  from  long 
experience  that  pilots  like  to  fly 
airplanes,  and  all  of  our  governments 
spend  a  considerable  sum  to  injure  that 
they  can  do  it  very  well.  Management 
training  is  significantly  les3  expensive. 

A  survey  conduct  by  the  Naval 
Weapons  Centsr  in  China  Lake,  California 
a  few  years  back  of  Marine  attack  pilots 
indicted  that  while  control  of  the 
aircraft  trajectory  was  considered 
critical  to  the  success  of  the  mission, 
it  was  not  consider  a  difficult  or  high 
workload  task.  What  was  surprising  was 
that  they  rated  weapon  interface  critical 
to  the  mission  as  well,  but  as  a  high 
workload  task.  The  weapons  were  iron 
bombs!  These  admittedly  sparse  data 
raise  the  following  question  in  my  mind- 

in  our  eagerness  to  automate 
cockpit  functions,  have  we 
overlooked  the  preferences  of  the 
pilots  and  automated  those  things 
which  we  think  will  be  beneficial?" 


Advances  In  technology  are  also 
bringing  in  new  modes  of  control  The 
U.S.  Air  Force  is  currently  flying  a 
modified  F-lf>  airplane  which  integrates 
the  flight  control  with  the  propulsion 
system  which  includes  In  flight  thrust, 
vectoring  and  reversing  A  paper 
describing  this  program  will  be  presented 
later  in  the  symposium.  The  point  I 
would  make  here  is  that  this  integrated 
control  concept  may  result  in  response 
characteristics  which  are  not.  generally 
recognized  ,n  the  classical  flying 
qualities  sense,  but.  which  may  be  very 
acceptable  to  the  pilot. 

Closely  related  to  the  above  Is  the 
topic  of  high  angle  of  attack  post  stall 
flight,  which  is  the  subject,  of  the  final 
session  of  this  symposium  Airplane 
response  characteristics  in  this  regime 
are  far  from  classical.  Accordingly,  we 
have  taken  to  developing  a  new  term  • 
aircraft  agility.  There  is  currently 
great  debate  in  the  united  states  on 
identification  of  t hese  agility 
parameters  and  the  range  of  acceptable 
values  There  is  a  tendency  to  agree 
these  by  consensus  which  i  find  very 


disturbing.  I  find  this  very  disturbing 
because  it  ignores  the  foundations  of 
Bryan,  Gi'.ruth  and  others  who  pioneered 
the  concept  of  relating  the  flight, 
mechanics  parameters  to  pilot  preference 
and  performance. 

Finally,  we  all  recognize  the 
importance  of  simulation,  both  ground 
based  and  in  flight,  to  flying  qualities 
research.  However,  from  my  observations 
of  some  recent  Simula!  'ns,  we  are  no 
longer  building  systems  ic  data  bases 
upon  which  to  base  new  or  revised 
criteria.  Rather,  the  researcher  has  a 
concept,  for  a  new  mode  of  integration, 
writes  an  algorithm  to  implement  it,  and 
conducts  simulation  to  prove  it  works. 

The  result  is  that  if  the  airplane 
designer  does  not  wish  to  utilize  that 
particular  mechanization,  he  has  no  data 
base  upon  which  to  base  alternate 
designs.  It  appears  tnat  the  days  of 
systematically  varying  parameters  and 
studying  their  overall  effect  on  pilot 
opinion  and  performance  is  becoming  a 
lost  art.  I  c an  only  reflect  that  future 
designs  will  suffer. 

Py  now  you  have  heal'd  some  of  my 
concerns  and  recognize  why  at  the  start 
of  this  talk,  I  suggested  that  it  might 
be  controversial  I  would  like  to 
conclude  by  posing  some  challenges  to  the 
community  here  today.  I  ask  you  to 
consider  the  following  questions  as  you 
go  Through  your  program  thi3  week,  as 
v.-ell  as  ir.  your  future  work- 


0  Why  should  we  continue  to  try  to 
define  the  characteristics  of 
advanced  airpisne  configurations 
which  no  longer  exhibit  classical 
response  characteristics,  such  as 
the  short  period  or  dutch  roil 
r  a,  in  those  terms? 


0  What  13  the  role  of  man  in  the 

cockpit,  and  how  should  this  role  be 
addressed  in  future  flying  qualities 
research? 


o  Are  flying  qualities  criteria  and 
the  resulting  specifications 
becoming  too  complex?  If  so,  what 
are  some  alternate  approaches? 


In  closing,  I  ask  you  to  again 
consider  my  original  thesis,  that  flying 
qualities  rest  srcti  is  assuming  new 
directions  Further,  these  here  today 
must  determine  what,  those  direct. ions  are 
and  devel*  p  the  research  agenda  to  pursue' 
t  hem 


Thank  you  for  your  kind  attention 
and  1  wish  you  success  in  your  symposium 


L’ADAPTATION  DES  QUALITES  DE  VOL 
AU  PILOTE  ET  A  LA  MISSION 
par  J.  Coureau,  Dircctcur  dc  la  Sdcucitd  dcs  Vols 
DASSAULT  AVIATION  13800  Istres  -  France 


L’aviation  a  debutd  comrnc  un  grand  jeu 
sportif  auquel  sc  sont  livrds  dcs  fanatiques  asscz 
fortunes  pour  fabriquer  la  machine,  asscz  ingdnieux 
pour  qu’clle  puissc  volcr,  ct  assev  tdmdraircs  jK>ur  la 
fairc  volcr. 

Ceux  qui  onl  rdussi  avaient  par  dcssus  (out 

du  gdnic  ! 

Ccs  const  met  cuis-piiotcs  ont  du  obfenir 
asscz  rapidcmcnl  une  stability  suffisanlc  pour 
permettre  dcs  vols  dc  plusicurs  minutes  sans  fatigue 
excessive,  une  bonne  precision  dc  pilotage,  pour 
rcaliscr  dc  fa$on  rdpdtitivc  et  sans  trop  dc  cassc  les 
manoeuvres  dc  ddcoliagc  ct  d’atterrissage,  puis  la 
tenue  dc  palier,  puis  le  virage.  Les  premieres  courses 
"all  pyione"  imposaient  dejA  une  certainc  mailnse 
dans  ces  domaines. 

Les  rdgles  cn  usage  pour  dirrensionner  les 
gouvernes,  caler  les  surfaces  port  antes,  tenir  compte 
dcs  couples  d’hclice,  etc...  devaient  sc  communique? 
oralcrncnt.  Bien  peu  d’tfcrits  dc  1’dpoquc  font  dtat  dc 
ccs  nrobldmcs.  I  Is  fureni  pourtant  rdsolus  ct  la 
premiere  guerre  tr.nndiale  voit  rclativcmcnt  tot 
apparaitre  une  aviation  militaire  utilisablc. 

Les  aviate urs  sont  d’abord  charges  de 
regler  les  tirs  d’anillcrie.  Mais  pour  ddlogcr  ceux  d’en 
face,  on  erde  1’avialion  dc  efrasse  vers  1916.  La  qualite 
do  la  plate-forme  devait  etre  excellente  car  le  pilote 
devait  manoeuvrer  pour  se  placer  k  “portcc  de  fusil"  ei 
iachcr  ies  commandcs  pour  tircr  sur  un  adversaire  qui 
manoeuvrait  pour  dviler.  Tres  vile  1’armement  de 
bord  a  dvolud  vers  des  mitrailleuses  puis  dcs  canons 
fixes  dans  l’axe  avion,  preuve  dvidente  que  la 
mcniahilitd  dcs  avions  en  permettait  un  usage 
pcrfoimant.  L’abandon  de  cet  armement  cst  souvent 
evoqud,  mais  son  usage  est  encore  rdpandu  dc  nos 
jours. 

En  France,  un  orgamsme  d'Etat,  cred  en 
1920,  ddbute  I’dtude  rdcllement  seicntifique  des 
qualities  de  vol  des  avions;  ses  pilotes  et  ingdnieuis 
trouvent  les  bonnes  rdgles,  les  communiqucnt  aux 
eonstrueteurs  puis  tentent  dc  les  faire  respecter 

I  Is  ddeouvrent  la  stabiiitd  longitudinale 
staliqne,  la  stabiiitd  de  route,  le  mctivcmenl  spiral. ..et 
aussi  le  Piottement. 

Un  des  eonstrueteurs  porlc  un  grand 
intdret  aux  quahtds  de  vol  de  ses  avions,  il  incite  ses 
ingenieurs  k  partiripci  aux  vols  de  ddvcloppemcni  ct  a 
tenir  compte  dc  lV  vis  du  pilote  ;  il  conserve  ccs 
pnnupcs  iout  au  long  dc  sa  brillanic  carndrc.  J  ai  cu 
!c  plaisir  de  liavailler  sous  ses  ordres  pendant  30  a  ns  : 
sous  avi  /  reconnu  Monsieur  Marcel  DASSAUL  T. 


LES  AVIONS  CLASSIOUF.S  : 

La  deuxidrne  guerre  mondiale  rdalise  une 
grande  confrontation  des  matdriels. 

Dc  belles  machines  deviennent  cdldbres  pour  leurs 
qualitds  de  vol.  On  demandc  aux  bombardiers  une 
bonne  stabiiitd  longitudinale  el  transversaie  car  les 
moyens  de  visde  et  les  calculatcurs  associds  rdclamcnt 
pendant  le  "bomb  run"  dcs  corrections  prdcises  et  bien 
amort  ies. 

Les  chasseurs  par  contre  ont  besoin  de 
manocuvrabilite  ct  de  maniabilitd  pour  conduirc  les 
combats  basds  sur  (’utilisation  dcs  armes  dans  l’axc  dc 
l’avion.  C’est  la  course  it  la  puissance  pour  les 
motcurs;  Ses  gouvernes  doivent  dquiiibrcr  dcs  couples 
d’hdlicc  ».r ds  important*. 

A  I'apparition  du  rdactcur,  l’accroissemcnt 
dc  vitesse  qu  il  permet  revele  un  nouvel  accident  de 
comporlemcnt  :  la  compressibilitd.  Les  phdnomdnes 
les  plus  courants  sont  des  vibrations  (buffet),  des 
oscillations  peu  eontrolablcs  (put  poising),  de  1’auto- 
cabrage  (pitch-up),  des  defauts  de  compensation  des 
gouvernes.  tela  cred  de  nouveaux  soucis  pour  le 
pilote  de  combat. 

L’cmploi  dcs  profils  minces  gudrit  ccs 
inconvdnicnts  mais  en  amdne  d’autres. 

L’adrodislorsion  revient  cn  force  pour  rdduirc  les 
vitesscs  dc  roulis.  On  rencontre  des  ddcrochagcs 
dynaniiqucs  plus  violents.  Renducs  plus  plates  par 
I’incrtie  accrue  du  fuselage,  les  vrilles  sont  rdputdes 
diltscilcs  a  conlrolcr. 


I  .es  qualitds  de  vol  rcquiscs  : 

1  La  scan  iti  d’cmploi  :  I’avion  doit  pouvoir  etre 
employd  sans  danger  jusqu’aux  limites  de  son 
doinainc  de  vol,  tant  k  grande  vitesse  ou  grand 
Mach  qu’a  basse  vitesse,  k  haute  altitude 
conuuc  pres  du  sol.  t'eci  suppose  que  soient 
maitriscs  les  cnmportcments  en  subsonique, 
traussonique  et  dventueilement  supersoruque 
aussi  bien  qu’au  fours  dc  ddcrochagcs  statiques 
t  dynaniiqucs. 

Dans  different*  pays,  dcs  norme.s  strides 
sont  dtablics  qui  ont  pour  but  d’dviter  le 
renouveilement  de  defauts  ayant  amend  des  accidents. 
S'appuy&nt  sur  des  cas  particuliers,  elks  manquent 
pjrfuts  d’univcrsalite.  Lx;  lail  de  les  respecter  nc 
gar  am  t  pas  vraiiucni  la  qualite  dc  I’avion. 


La‘.  transsonique  provoquc  sur  les  gouverncs 
cl  ics  (imoncrics  associdcs  ties  moments  A  la 
dynamique  ct  aux  variations  si  rapides  qu’il  n’est  pas 
pcnsahlc  tie  les  compenser  ctF.ca cement.  On  a 
retours  aux  servo- commandes  irrdvcrsibles 
gdndrafemcrt  hydrauliques  :  la  security  repose  sur 
deux  circuits  inddpendants  aiimentant  des  servth 
commandes  double  corps.  Le  pilote  ne  ressent  plus 
qu’un  effort  proport ionr.cl  aux  displacements  dc  la 
commando  (boite  it  rcssorts)  et  aucune  reaction  dc 
gouverne  nc  "remente  an  manchc". 

L’cfficacitd  des  gouverncs  varie  tcllemcnt, 
dans  un  dornaine  de  vol  trds  dlargi,  qu’il  faut  adapter 
la  coinmande  aux  conditions  de  vol.  i.  ;ci  est  surtout 
ndccssaire  en  profondcur  :  un  delta  peut  pr6senter 
une  efficacitd  de  profondeur  de  0,3  degrd  par  "g" 
bassc  altitude  et  grande  vitesse,  lorsqu’il  est  centrd 
arrive  !  Le  coi.trole  en  devient  alors  trds  ddlicat :  il  y 
a  risque  de  "pompage  pilotd".  On  recherche  done  des 
centrages  trds  avant,  avion  lissc,  pour  accepter  les 
pertes  de  stability  dues  aux  emports  sous  voilures. 

Des  amortisseurs  it  commande  dlectronique 
sont  installds,  des  lois  de  ddplacement  non  lindaires, 
des  lois  d’effort  k  plusieurs  pentes,  variables  en 
fonction  de  la  vitesse  et  meine  du  facteur  de  charge, 
des  aniortissements  visqueux  (dash  pot)... 

Bicntot  une  chaine  dlectronique  fournit  la 
commande  normale,  la  commande  mdcanique  servant 
de  secours.  On  est  cependant  en  simple  chaine,  le 
"secours"  doit  etre  d’exccllente  quality  ct  conserve 
done  tous  les  dispositifs  ci-dessus. 

On  rdalisc  atnsi  des  avions  polyvalents  sur 
lesquels  le  pilote  peut  passer  des  faibles  vitesses  aux 
grands  mach,  dc  l’avion  lisse  k  Tdtagdre  &  bombes" 
sans  devoir  porter  au  pilotage  une  attention  trop 
soutenue  :  la  perte  d’aid's  au  pilotage  n’est  pas  trop 
genante  et  permei  dans  la  m  ajoritd  des  cas  la 
poursuite  de  la  mission. 

Sur  les  avions  muuis  ds  radar,  il  est 
preferable  de  disposer  d’une  stabilisation  lors  de 
i’observation  attentive  de  l’dcran  puis  de  retrouver,  si 
possible,  1’entidre  maniabiliid  du  chasseur  ;  divers 
dispositifs  ont  tente  de  rdpon  Ire  a  ces  besoins 
contradict oires  :  auto- commande  et  stabilisateurs  dc 
roulis,  pile  *  automatique  embrayable  et  ddbrayable 
instantanCmc  nt,  pilote  automatique  transparent. 
Access oireme  it  il.  rdaliscnt  tous  un  auto-trim  bien 
agrdable. 

2  -  L’Eflicacitd 

Le  combat  classique  imoose  toujours  une 
maniabilitd  excellente  mais  dont  la  recherche 
va  A  1’encontrc  des  qualitds  de  vol  dassiques 
com  rue  la  stability.  Sur  les  avions  conyus  pour 
le  temps  de  paix  on  oodre  done  un  compromis 
qui  est  plutot  du  cold  de  L>  sdcuritd  :  effons  par 
g  dlevds,  stability  statique  foiie  en  volant 
centre  avant. 


LES  COMMANDES  DE  VOL  ELECTRIQUES  : 

L’iddal,  connu  depuis  longtcnips,  est  de 
fairc  pilotcr  l’avion  il  travers  un  calculatcur 
dlectronique  qui  assure  les  amortissements  ct  les 
protections,  U  qui  permet,  griicc  il  scs  rdactions  t i  ris 
rapidcs,  d’acceptcr  les  accidents  adrodynamiques,  dc 
reculer  lc  centrage  jusqu’au  vol  en  instability  statique, 
procurant  ainsi  un  gain  important  cn  performance. 
Ccci  a  rdhabilitd  la  formule  Delta. 

La  commando  mdcanique  traditionnellc 
n’est  plus  utilisable  dans  ces  conditions  dc  vol  car  les 
e carts  augmentent  beaucoup  trop  vite  pour  etre 
correctement  controls  par  un  pilote.  Il  faut  done  un 
auti  c  calculatcur  cn  secours,  puis  comparer  les  deux. 
En  cas  dc  panne,  Jcqii'd  a  tort  ?  On  voit  bien  que  e’est 
I'escalade  vers  trois  ct  merne  quatre  chaines. 

C’est  l’arrivdc  sur  le  marchd  dc  calculateurs 
dlectroniques  compacts  qui  a  rendu  possible  la 
realisation  do  ces  commandes  de  vol  dlectriques  sans 
secours  mdcanique. 

La  suppression  de  la  transmission 
mdcanique  a  posd  quelques  probldmes 
psychologiques,  bien  vite  oublids  devant  la  somme  des 
avantages  obtenus. 

Dans  3’aviation  civile,  ces  probldmes  ne 
sont  pas  encore  tous  oublids  ! 

Que  permettent  les  commandes  de  vol 
dlectriques  ? 

-  une  trds  bonne  stabilisation  de  plate-forme  en 
conditions  de  vol  instable,  done  la  possibility  d’une 
trds  grande  maniabilite.  Ceci  rdsoud  le  probldme 
des  chasseurs  prdcddenls  .  un  avion  stable  comme 
le  roc  et  trds  ardent !  Quel  avantage  en  combat  ! 

-  la  manoeuvrability  maximale  grace  aux  limitations 
automatiques  en  facteur  de  charge  et  en  incidence, 
dans  toutes  les  configurations.  C’est  S’avion  que 
Ton  manoeuvre  trds  vite,  it  fond,  sans  souci  de  la 
perte  de  controle  ou  de  la  casse.  Bien  sur  les 
coupiages  roulis-lacet  rendent  le  dosage  du  pied 
inutile  Autres  dnormes  avantages  en  combat ! 

-  !a  facility  de  pilotage  :  S’avion  &  mettre  entre 
toutes  les  mains,  qui  pousse  vers  !c  haut  les 
performances  individuelles,  efface  les  diffdrences 
de  pilotage,  accroissant  ainsi  l  efficadtd  d’ttne 
force  adrienne  avec  le  minimum  de  temps 
d’entrainement, 

-  Ics  nombreuses  functions  nouvelles  : 

le  pilote  automatique  de  base  peut  etre  imclus 
dans  les  calculateurs,  done  mum -chaines,  ce 
qui  accroit  la  sdcuritd  d’emploi  k  trds  basse 
altitude  et  la  disponibilitd, 


I’dvitement  de.  sol  automat  iquc  devient 
possible,  monte  er.  manoeuvre,  grace  au  relief 
numdrisd  en  mdmoire, 

la  rdcupdration  de  l’avion,  en  cas  de  perle  de 
conscience  du  pilote,  est  realisable,  par  analyse 
de  scs  reactions  au  moyen  de  detcctcurs  peu 
contraignant :  mouvements  de  la  tete,  efforts 
aux  commandos, 

le  eontrole  ais6  de  i’energie  en  combat,  sans 
consulter  d’instrument,  par  limitation 
preseicctec  des  evolutions  ou  par  signaux 
lactiles  au  pilote, 

la  gestion  optimalc  de  la  trainee  ou  de  la 
portance  par  utilisation  de  toutes  les  surfaces 
mobiles, 

l’utilisation  possible  dcs  six  degrds  de  liberte 
pour  decoupler  les  translations  des  rotations 
autour  du  centre  de  gravite,  bicn  que  la 
complication  des  commandos  ct  dcs  strategics 
de  pilotage  n’ait  pas  encore  permis 
d’application  opera! ionnelle  en  combat, 

Pallegcment  de  certains  efforts  slructuraux, 

1’anti-turbulcncc, 

l’approche  dynamique  ou  memo  le  mainticn 
des  grar.dcs  incidences  (post  dccrochagc  ou 
post-stall),  etc.. .encore  que  l’intdret 
operationncl  en  soil  largemcnt  discut6.  Ccci 
peut  changer  trds  viie  cn  fonetion  de 
i’evolution  dcs  moyens  de  designation  de  cible 
et  des  domaincs  dc  tir  des  missiles. 

Les  limites  dc  cette  liste  sont  cellos  dc 
1'imaginat.ion ! 

N’v  a-t-il  pas  de  revers  h  ces  medaillcs  ? 

Si,  bicn  sflr. 

1’instabilite,  point  trop  n’en  faut :  die  reclame  de 
grands  braquagc.s  de  gouvernes  ou  des  surfaces 
excessives  ou  meme  une  poussde  orientable  pour 
lc  eontrole  dynamique  prds  dcs  limites  ;  la 
peiformance  s’en  ressent,  le  poids  et  le  prix 
grimpent. 

les  manoeuvres  faciles  4  facteur  dc  charge  eiev6 
(9  g  + )  devienr.ent  physiquement  eprouvantes, 
accroissent  fortement  les  risques  de  perte  de 
conscience  ("g"  LOC)  si  l’on  ne  prend  pas  de 
precautions  pour  limiter  les  cadences  et  anticiper 
les  prises  de  "g\  Les  avions  "agressifs"  le  sont  aussi 
pour  leur  propres  pilotes  ! 

Les  risques  de  perte  d’orientation  spatiale  sont 
accrus. 

la  limite  &  la  charge  sure  est  trop  basse  en  cas  de 
ressource  tardive  ou  de  manoeuvre  d’dvitement. 

La  butde  surpassabie  du  MURAGE  2000  rdsoud 
partidlemenf  cet  inconvenient. 


les  innovations  content  cher  !  ddveloppcr  un 
logiciel  et  le  qualifier  exige  des  anndcs  de  travail 
dc  nombreux  spdcialistes  et  1’cmploi  intensif  de 
moyens  de  simulation. 


-  la  complication  des  modes  rend  incertain  le 
diagnostic  du  pilote  en  cas  de  panne,  d’anomalie 
ou  simplcmcnt  de  non  prise  en  compte. 


-  les  modes  de  pilotage  ddcouplds  ne  sont  pas  faciles 
d’emploi  ou  demandent  un  enbainemenl 
spdcifiquc  entretenu,  done  chcr. 


Enfin,  on  peat  se  poser  des  questions  sur 
l’intdret  dc  (’adaptation  au  combat  tournoyant  h 
l’heure  oh  1’armcmcnt  principal  est  constitud  d’engins 
k  grande  portde  ou  de  missiles  de  combat  rapprochd, 
beaucoup  plus  manoeuvrants  que  ne  sera  jamais 
i’avion  pilotd  ! 


Pour  la  courte  portde,  la  d6signation  par 
viscur  de  casque  et  le  tir  d’un  missile  agile  non 
accrochd  peuvent  remplacer  des  manoeuvres 
dprouvantes.  Si  la  faisabilitd  de  ces  tirs  est  dvidente, 
leur  misc  au  point  n’est  pas  terrninde...  On  est  par 
contrc  beaucoup  moins  optimiste  au  sujet  du 
comportement  d’un  missile  tird  pendant  une 
manoeuvre  style  "cobra"  ? 

11  reste  cependant  que  l’avion  tireur  doit 
bicn  sc  placer,  trds  tot,  et  done  manoeuvrer  vite. 

Qu£)LlU£§_flUgili..QnSJ£.BQS£nt : 

-  Jusqu’oh  doit-on  pousser  la  sophistication  et  son 
prix  ? 

-  Avcc  quelle  precision  doit-on  approcher  les  limites 
de  la  structure  ou  cellcs  du  eontrole  de  l’avion  ? 
Faut-il  couvrir  toutes  ies  manoeuvres  imaginables 
pour  dviter  quelques  consignes  restrictives  ? 

-  Est-on  parfaitement  sur  de  la  protection  contrc  la 
perte  de  eontrole  ?  Faut-il  conccvoir  une  detection 
de  vriile  ct  un  mode  dc  rdcupdration,  automatique 
ou  non,  qui  traite  le  probldme  sans  risooe  de 
1’aggraver  ? 

-  los  pilotes  accepteront-ils  les  modes  de  pilotage 
oh  un  dispositif  aura  autoritd  sur  leurs  propres 
ordres  (dvitement  de  sol  par  exemple)  ?  Los  cas 
lie  ddclenchement  intempestifs  sont-ils  exclus,  vue 
la  faiblc  precision  des  captcurs  ? 

Au  milieu  de  cet  imbroglio,  l’dtablissement 
des  irmes  et  de  rdglcs  d’application  posera 
prof  . cine  !  I-a  mise  au  point  puis  la  qualification  des 
logiciels  est  un  travail  aidu,  difficile  &  controler  par  un 
service  ofllciel.  Quels  principes  devront  etre  drigds  en 
rdglernent  ?  Une  bonne  partie  de  ces  techniques  n’onl 
pas  encore  subi  l’dprcuve  du  feu. 


LES  MOYENS  D’Y  PARVEN1R  : 

On  constate  que,  com  me  par  le  pass6,  c’cst 
I'experiencc  ct  la  qualite  des  pcrsonnes  impliqu^es, 
leur  esprit  d’dquipe  ct  la  collaboration  etroitc  dcs 
diverses  parties  prenantes,  ingdnicuis  dc  conception, 
ingdnicurs  d’essais  specialises,  pilotes  d’essais,  et 
surtout  utilisateurs,  pour  d'abord  definir  ie  besoin 
puis  corriger  les  erreurs  prdeedentes  et  assurer  la 
qualite  du  produit :  avant  hicr  on  inaidait  dcs 
dispositifs  m6caniques,  bier  de  1’hydrauliquc  et  dc 
l’dlectronique,  aujourd’hui  surtout  du  logiciel. 

COMMENT  EVOUJE  LE  P1LOTE  ? 

Les  prddictions  les  plus  pcssimistcs 
portaient  sur  sa  resistance  physique  aux  forts  factcurs 
dc  charge.  Musculation  et  entraincment  intensif 
etaient  forternent  conseilid.s.  11  se  trouve  que  la 
musculation  ne  porte  pas  les  fruits  escomptCs  ci  que 
le  problems  principal  n’est  peut  ctre  pas  li  ! 

cause  principale  d’accidents  sur  les 
machines  modemes  est  paradoxalcmcnt  la  perte  de 
vigilance,  ie  manque  d’attention.  La  facility  de 
pilotage  prdseutc  un  revers  inattendu  ou  du  moins 
depassant  largement  les  previsions. 

La  cause  qui  vient  erisuite  est  l  exer's  dc 
confiance,  amplifiee  par  la  grande  facilite  d’execution 
des  manoeuvres.  Les  militaircs  ne  sont  pas  les  seuls 
touches  par  ce  mat  !  Les  commandcs  de  vo!  nc 
peuvent  rien  contre  le  danger  des  basses  viteuscs  & 
trop  basse  altitude,  ni  centre  le  risque  d’un 
retournement  engage  trop  has. 

II  parail  important  de  revoir  les  rnoyens  et 
les  programmes  d’entrainement  des  pilotes  d’avions  & 
commandes  de  vol  electroniques  afin  qu’ils 
s’adaptent  mieux  d  ces  nouvelles  machines  tr&s 
sophisiiqu£es,  en  attendant  que  nous  sachions 
am6liorer  ces  machines  pour  qu’dles  tiennent  compte 
des  faiblesses  humaines. 
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Basidy,  there  are  two  ways  of  testing  the  qualities  of  a  piloted  aeroplane:  Either  you  do  it  "by  the  book"  or  you  do 
it  by  experience  and  intuition. 

When  I  decided  to  be  a  test  pilot  -  25  years  ago  - 1  started  to  learn  all  the  necessary  details  by  means  of  the 
available  books.  Thereby  l  got  a  thorough  knowledge  of  most  of  the  related  paragraphs.  Then  I  went  to  the  test 
pilot  school  and  learned  to  evaluate  the  Hying  machines  and  the  practical  methods  to  demonstrate  compliance  with 
all  the  related  requirements.  The  first  shock  i  got  was  during  the  Tina!  flight  examination  by  Monsieur  Flossier,  the 
famous  Le  Bourget  Jupiter"  when  i  showed  him  in  the  air  and  explained  during  the  debriefing  how  1  confirm 
lateral  stability: 

As  toadied,  I  lowered  one  of  the  wings  while  maintaining  a  constant  heading  with  rudder  and  then  giving  free  the 
ailerons  for  sell- recovering.  He  asked  me:"Do  you  think  this  is  really  a  good  method  to  simulate  the  recovery  after 
an  atmospheric  gust?" 

"But  Sir,  this  is  the  way  I  was  taught  to  do  it  at  your  test  pilot  school." 

"Do  you  believe  everything  a  teacher  tells  you?" 

"But  Sir,  what  shall  1  believe  in?" 

"If  you  want  to  be  accepted  as  a  test  pilot  and  if  you  wan*,  to  survive  during  your  cancer,  you  must  learn  to  question 
everything  you  are  told.  From  now  on,  your  main  job  will  be  to  discuss  anti  even  fight  for  optimum  solutions,  this 
for  the  sake  of  flying  safety  and  in  the  interest  of  your  company  to  produce  good  aircraft." 

And  he  was  right.  -  The  fights  for  the  best  solutions  became  daily  routine,  and  by  the  way:  steady  sideslip  is  really 
not  a  good  initial  condition  to  prove  lateral  stability,  it  is  only  an  established  and  accepted  method  to  show 
compliance  with  a  FAR  paragraph. 

If  you  really  want  to  evaluate  the  roll  stability,  you  need  to  fly  the  airplane  normally  in  turbulence  or  in  bad 
weather  and  then  you  know  whether  it  is  stable  or  not  and  this  without  questioning  mancuvrability.  You  must  be 
ready  to  evaluate  between  these  contradictionary  qualities  of  stability  and  manenvrability  keeping  always  in  mind, 
the  main  task  the  airplane  was  designed  for. 

After  the  test  pilot  school,  I  was  lucky  enough  to  work  for  seven  years  in  the  Franco-German  Alpha-Jet 
programme  at  the  Dassault  flight  test  center  in  litres.  My  French  partner  test  pilots  did  not  carry  the  MIL.  Spec 
untcr  their  arms  all  day  long,  they  preferred  to  create  flying  qualities  by  experience.  They  had  enough  experience 
by  flying  a  new  prototype  practically  every  year  -  from  the  Alpha-Jet  or  the  Etandard  subsonic  fighter  bombers  and 
the  Mercure  transport  plane,  to  the  different  supersonic  Mirages  fighters  and  to  the  various  Falcon  bussincss  jet 
family  members. 

There,  I  learned  and  after  return  to  Germany  I  practised  this  at  the  Cornier  company  -  not  to  test  aircraft  against 
requirements  only,  but  to: 

♦  fly 

♦  evaluate 

♦  judge 

♦  discuss 

♦  change  and 

♦  fly  again 

in  order  to  create  an  aircraft  which: 

♦  fulfils  the  operational  requirements  it  was  intended  for 

♦  has  qualities  that  please  the  customers  and  their  pilots 

♦  assures  a  maximum  of  safety  when  operated  in  the  normal  envelope 

♦  shows  ample  and  clear  warnings,  should  unusual  situations  appear  and 

♦  remains  flyabie  even  in  emergency  situations  (e  g.  heavy  icing  conuiS ions,  system  failures,  etc.). 

Fortunately  I  was  able  to  reduce  active  development  testing  when  the  elect  ionic  industry  started  to  take  control  of 
cockpit  design  and  flight  control  systems.  When  they  convinced  the  design  engineers  that  the  human  pilot  is 


overstressed  and  needs  the  help  of  computers  in  the  linking  between  cockpit  handles  and  the  (light  controls 
surfaces.  Links  which  were  more  and  more  of  the  electric  wire-  or  the  fibre  optic  type  only.  They  also  spread  the 
news  that  sophisticated  software  only  could  solve  the  future  airtasks  as  the  limited  human  inlciligcrcc  infringes  (he 
possibilities  to  further  optimise  flight  operations  to  increase  profit  or  deterrence. 

Initially,  I  had  problems  to  understand  my  hesitation  to  follow  this  dcvcloment  trend.  Today  I  know  that  this 
personal  feeling  conies  from  the  fact  that  -  at  least  for  civil  air  transport  systems  -  the  industry  is  taking  too  fast  an 
unnecessary  risk  in  ciianging  from  quasi  solid  molecular  flight  control  and  display  systems  to  soft  and  fragile 
electromagnetic  or  clcclrooptical  variants. 

Saying  molecular,  I  mean  systems  where  the  interaction  between  crew  and  aircraft  is  either: 

♦  solid  (me'al  or  plastic) 

$  liquid  (hydraulic)  or 

♦  gaseous  (pneumatic) 

It  is  clear  to  everybody  that  these  molecular  systems  can  fail,  as  well  as  electromagnetic  systems,  but  their  failures 
and  the  subsequent  system  reaction  is  predictable.  In  the  case  of  electromagnetic  systems,  their  types  of  failures 
and  system  reaction  are  very  hard  to  predict.  In  addition,  they  can  easily  be  disturbed  in  our  world  of  increasing 
electromagnetic  pollution.  This  pollution  and  the  disturbances  arc  hard  to  test  in  every  aspect  before  a  new 
machine  is  released  for  public  air  transport.  This  should  be  of  great  concern  to  all  of  us. 

Another  point  of  concern  is  that  today  many  aircraft  companies  unfortunately  have  completely  separate  military 
and  civil  aircraft  divisions.  Dae  to  this  fact,  the  civil  products  do  not  benefit  enough  from  the  normally  more 
advanced  military  systems  as  it  was  the  case  it.  former  times.  The  military  experience  -  including  the  knowledge  of 
this  AGARD  group  is  not  penetrating  any  more  deep  enough  into  civil  design  work:;,  and  here  1  sec  an 
unnecessary  flying  safety  risk,  simply  due  to  a  iack  of  communication 

Coming  back  to  my  reluctance  against  soft  display  ar.  i  High!  controls. 

When  we  started  the  initial  definition  on  the  Do  32B  cockpit,  I  was  the  test  pilot  in  charge.  I  was  very  embarrassed 
how  reluctant  the  civil  electronic  industry  behaved  when  I  addressed  vital  dying  safety  considerations  concerning 
the  CRT-display  presentation,  the  switchology  and  the  failure  modes.  -  An  area  of  responsibility  I  really  had,  when 
working  on  military  aircraft  in  close  cooperation  with  the  services.  Most  arguments  were  countered  by  the  remark 
"we  nave  discussed  all  this  with  x  and  y-ccrnpany,  you  take  this  system  as  it  is  or  you  leave  it".  I  found  myself  in  a 
situation  where  I  had  to  fear  loosing  control  over  the  design  of  my  cockpit  and  1  had  to  give  away  vital  areas  of 
Classic  test  pilot  responsibilities. 

Parallel  to  this  situation  I  learned  about  problems  encountered  with  civil  fly-by-wirc  aircraft  by  own  experience 
and  by  aviation  magazines.  Here  some  examples: 

1  flew  a  big  transport  aircraft  where: 

a  pilot  can  give  inputs  to  the  control  stick  and  the  computer  refuses  to  follow  because  a  limit  is  reached  -  this 
without  advising  the  pilot  clearly  of  the  software  decision 
or 

the  throttles  do  not  move  in  the  cockpit  when  engine  power  is  changed  by  the  computer  and 
time  constants,  necessary  for  turbulent  weather  operations  for  autopilot  operation,  are  not  removed  when 
(lying  manually.  This  results  during  turbulent  weather  approaches  often  in  situations  where  the  fast  pilot’s 
reaction  is  blocked  by  a  heavily  damped  computer  action:  leading  to  a  severe  loss  of  pilot  confidence  in  the 
aircraft. 

Recently,  I  read  that  on  another  big  transport  plane,  power  of  all  engines  was  reduced  on  several  occasions  to  idle 
after  takeoff  or  in  climb  due  to  a  false  gear  down  signal. 

This  list  could  be  continued  with  at  least  SO  examples  more. 

I  see  here  a  dramatic  gap  in  aircraft  definition  which  can  only  be  solved  by  sticking  to  reliable  systems  as  long  as 
possible  and  leaving  the  molecular  way  only  where  necessary  for  safety  and  for  a  real  reduction  in  pilot’s  workload. 
Electronic  flight  control  and  display  system  as  they  are  designed  today  do  not  always  fulfil  this  requirement.  To 
prove  t».is,  I  quote  the  German  Airline  Pilots  Organisation  "Vcreinigung  Cockpit"  from  their  September  meeting: 
The  Airbus  A  320  is  not  yet  fully  developed.  The  computer  systems  are  helping  the  pilot  only  if  they  arc  fully 
operational.  In  case  of  failures  the  crew  workload  will  go  well  alrove  the  one  in  conventional  aircraft.” 

In  my  opinion  time  has  come  to  regain  old  fashioned  ‘earn  work  between  test  pilots,  aircraft  design  und  test 
engineers  -  not  to  forget  aircraft  mechanics  -  and  the  legislative,  placing  the  electronic  industry  back  to  its  position 
of  real  subcontractor.  Every  system  should  (re  designed  only  according  to  aircraft  type  and  flying  safety  orientated 
specifications  'written  by  the  aircraft  designer.  If  electronic  systems  are  unavoidable,  it  would  be  of  great  help  to 
the  civil  side,  if  the  military  experience  would  enter  rapidly  the  brains  of  civil  aircraft  designers. 


MIL  8785  Revision  I)  is  here  an  excellent  example  lor  the  future.  It  should  he  taken  as  a  basis  also  for  future 
revisions  of  cavil  aircraft  certification  regulations. 


Let  me  return  to  conventional  flight  testing  as  more  than  95  %  of  all  new  aircraft  types  are  still  treated  this  way. 
When  I  get  a  new  aircraft  in  my  hands  -  prototype  or  already  certified  - 1  first  fly  it  from  takeoff  to  landing  through 
its  normal  flight  envelope  (fast,  slow,  high  and  low,  straight  and  crazy);  ground  handling  is  included  in  such  a  flight. 
The  first  flight  is  the  most  important  one  for  the  overall  test  pilots  evaluation  and  to  determine  the  area  to 
concentrate  on  during  the  following  mission.  For  sales  flights,  by  the  way,  there  is  normally  only  one  such  flight 
possible  -  if  too  many  excuses  are  needed  during  this  flight  the  plane  will  not  find  its  customer. 

Already  durir.  the  second  flight  the  pilot  starts  to  adapt  even  to  the  worst  qualities  because  he  has  the  natural 
tendency  to  m  ter  also  the  worst  machine.  This  natural  tendency  to  perform  must  be.  supressed  for  a  while  by  a 
good  test  pilot  keeping  in  mind  the  "normal  pilot  skill". 

A  normal  pilot,  by  the  way,  is  normally  not  familiar  with  the  details  of  the  topic  "flying  qualities".  For  him,  a  good 
aircraft  is  one  which  flies  like  the  one  he  has  flown  for  the  last  ten  years.  If  he  can  fly  it  without  thinking  too  much, 
then  it  is  a  good  one  -  nothing  else  counts.  It  remains  with  the  test  pilot  to  discover  and  describe  all  the  problem 
areas  during  initial  evaluation.  The  detail  work  of  "fine  tuning"  the  behaviour  of  a  machine  is  not  very  popular 
within  the  companies  as  the  results  arc  not  clearly  visible  in  dollars  and  cents  because  they  touch  the  border  of 
personal  feelings  and  even  philosophy.  If  the  certification  competition  continues  as  it  is  practised  today,  that  means 
every  company  outdoing  all  others  in  shortening  more  and  more  the  flight  test  phases,  flying  qualities  optimisations 
will  be  very  soon  a  banned  topic  in  aircraft  development. 

The  flight  test  period  is  also  the  lime  when  the  conflict  with  existing  airworthiness  requirements  takes  place. 

Here  some  examples: 

Example  no.  1 

Civil  airworthiness  regulations  still  require  the  old  fashioned  speed  stability  (figure  1),  that  means  that  during  an 
increase  or  decrease  of  the  speed  outside  the  10  %  friction  band  a  positive  push  or  pull  action  is  required  by  the 
pilot  (figure  2).  But  looking  at  supersonic  aircraft,  this  required  steady  positive  stick  force  is  reversed  above 
Mach  =  1  but  the  aircraft  stili  remains  perfectly  flyable  even  with  an  apparent  instability  according  to  the  books 
(figure  3). 

At  M  >  1  the  actual  stability  has  even  increased  due  to  the  baektravcl  of  the  center  of  pressure  on  the  CjOf-curve 
as  can  be  seen  on  figure  4. 

The  Alpha-Jet  fighter/trainer  is  accepted  as  one  of  the  nicest  flying  machines  that  exist.  One  of  the  most  praised 
qualities  is  the  autotrim  function  of  the  flight  control  system  when  flying  between  150  and  450  KIAS.  The  pilot 
does  not  need  to  touch  the  trim  button  because  the  control  surface  moves  all  by  itself  giving  perfect  stability  but 
not  by  the  civil  books  (figures  5  and  6).  MIL  Spec,  is  here  more  advanced  than  FAR’s.  Apparently  there  was  a 
constant  dialog  between  pilots  and  well  experienced  scientists  who  understood  the  problem  and  translated  it  to 
useful  criteria,  not  calling  them  "certification  requirements"  but  "decision  guidelines"  (figure  7  and  Figure  8). 

The  term  "neutral  apparent  speed  stability"  which  is  used  recently  could  solve  a  lot  of  certification  problems  if 
adopted  to  civil  regulations  and  would  even  help  to  make  better  aircraft  to  fly  by  the  pilots. 

Example  no.  2 

Quite  often  I  have  seen  aircraft  which  were  perfectly  stable  according  to  FAR  when  stabilized  long  enough  at 
certain  speed  intervals,  but  when  accelerating  towards  higher  speeds  they  were  unstable  with  a  definite  pull  force 
required  to  stop  them  even  at  Vp.  This  is  often  due  to  free  masses  within  the  control  linkage  forcing  the  stick 
forward  on  acceleration  or  in  a  descent  and  backwards  when  decelerating  or  when  climbing.  I  have  seen  aircraft 
which  were  driven  progressively  into  a  stall  without  any  selfrecovery  tendency.  Nobody  can  slop  today  a 
manufacturer  delivering  such  critical  airplane  to  new  customers. 

A  rather  funny  experience  was  the  reverse  free  mass  action  on  the  Do-24  ATT  amphibian  which  I  tested  in  1983. 
The  Do-24  flying  boat  was  heavily  stable  when  tested  at  well  stabilized  speed  intervals  (figure  9).  But  it  was  famous 
of  being  relatively  free  of  the  dangerous  porpoise  tendencies  when  aerodynamics  fight  hydrodynamics  during 
speed  excursions  on  the  water  (figure  10). 

Porpoise  is  normally  triggered  by  out-of-phase  pilot  inputs.  Not  so  on  the  Do-24.  As  you  touched  the  water,  the 
control  column  was  driven  forward  by  the  sudden  deceleration  when  water  drag  started.  When  waves  caught  and 
left  the  hull  changing  periodically  the  water  drag,  the  column  was  also  pumping  in  the  proper  manner  calming 
down  not  only  the  aircraft  but  also  the  skipper.  We  never  found  out  if  this  funny  detail  was  one  of  the  secrets  of 
Professor  Dornicr  or  whether  it  was  just  an  inherent  quality  installed  by  chance. 
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Example  no.  3 

As  already  mentioned,  the  Alpha-Jet  is  one  of  the  finest  aircraft  I  have  ever  flown,  also  due  to  the  nearly  pe.  'ect 
harmony  between  aileron  and  elevator  slick  forces.  These  forces  are  considered  light  hut  well  adapted,  not  only  lor 
the  trainer  hut  also  for  the  low  altitude  attack  mission,  it  was  therefore  elear  that  Hornier  when  starting  (he 
development  of  the  Argentine  I A  63  trainer  several  years  ago,  saw  no  need  of  changing  these  charaeteristies.  We 
even  bought  the  hardware,  the  ARTHUR  variable  stiek  force  hellcrank,  which  was  explained  rut  figure  5,  from 
Dassault.  But  already  in  the  development  phase  a  discussion  started  with  Argentine  specialists  about  MIL  Spec, 
level  1  performance.  They  insisted  that  the  proposed  IA  63  stick  forces  per  g  did  not  meet  the  level  1  as 
contracted.  They  had  plotted  the  required  stick  force  gradients  as  seen  on  figure  1 1  creating  a  form  of  g  envelope. 
It  was  only  at  that  time  that  we  looked  at  the  Alpha-Jet  in  respect  to  the  MIL  Spec  levels  and  we  found  out  that 
also  this  pilot-loved  machine  did  not  meet  this  presentation.  The  discussions  were  endless  and  are  still  going  on. 

We  optimized  in  the  meanwhile  the  IA  63  giving  it  control  forces  that  suit  the  envelope,  by  that  giving  up  the 
elegance  of  operations. 

1  am  sure  that  the  founder  of  this  MIL  section  did  not  want  to  create  an  envelope.  But  1  must  say,  with  all  my 
experience  it  took  me  half  a  day  to  understand  table  V  (figure  12)  together  with  MIL  spec  figure  16  (figure  13). 
Only  after  plotting  slick  forces  per  g  over  airspeed  I  had  something  also  normal  trained  test  pilots  could 
understand  (figure  14). 

Therefore,  I  urge  this  group  to  look  for  a  simpler  way  of  treating  this  subject  in  MIL  spec  and  to  leave  the  area 
below  2  g  free  for  definition  by  aircraft  designers  and  test  personnel. 

Example  no.  4 

Small  aeroplanes  arc  certified  according  to  FAR  23  and  airworthiness  requirement  related  io  aircraft  with  a 
takeoff  mass  equal  or  below  5700  kg.  The  Dornier  228  ist  one  of  the  airplanes  in  this  category.  The  idtial 
certification  was  at  the  specification  limit  that  means  5700  kg.  All  documents  including  the  POH  were  printed  and 
delivered  with  this  limit,  until  wc  found  a  customer  in  Japan.  At  that  time,  a  young  engineer  of  the  Japanese 
certification  agency  refused  to  certify  our  aircraft  because  it  did  not  meet  the  personal  licencing  requirments  as 
this  operational  regulation  applies  only  to  aircraft  below  5700  kg.  We  were  forced  to  change  all  documentation  by 
replacing  the  number  5700  kg  by  5699  kg  (figure  15). 

From  the  last  two  examples  we  can  learn  a  lot.  If  a  group  of  specialists  gives  leading  numbers  fo  future  regulations 
it  has  a  big  responsibility  because  once  a  number  is  published  it  will  be  used  often  by  persons  who  do  not  sec  the 
difference  between  an  apple  and  a  pear.  It  may  take  years  and  years  to  change  it  if  experience  and  prog  ess  lines  it 
inadequate.  This  opinion  was  confirmed  to  me  at  the  last  SETP  meeting  in  Arles  when  1  had  the  honour  to  talk  to 
Mr.  Georges  Cooper  who  invented  together  with  Mr.  Harper  the  famous  flying  quality  scale.  He  explained  to  us 
that  he  never  intended,  when  he  first  presented  his  paper  to  this  AGARD  panel,  to  fix  his  numbers  for  ever.  He 
only  intended  to  present  a  basis  of  discussion.  But  everybody  grabbed  the  numbers  and  called  them  practically  "the 
law  for  evaluation".  And  when  it  was  found  that  in  parts  the  explanations  were  inadequat  nobody  was  able  to 
change  them  in  the  whole  western  world.  So  Mr.  Cooper  himself  was  addressed  again  several  years  later  and  was 
asked  to  revise  it. 


CONCLUSION 

To  conclude  this  paper,  I  urge  you,  the  scientists,  for  the  sake  of  progress  in  aviation,  not  to  give  too  many 
numbers  and  not  to  lay  down  regulation  if  they  are  not  absolutely  necessary  for  the  safety  of  flying.  Proposals, 
recommendations,  however,  and  printed  discussions  arc  always  welcome  and  highly  desirable.  In  doing  so,  you  give 
us,  the  test  pilots  and  flight  test  engineers,  the  possibility  to  create  good  flying  machines  for  the  specified  tasks, 
flying  machines  created  by  experience,  thorough  knowledge  and  intuition. 

For  a  test  pilot  the  ultimate  goal  must  always  be  to  "promote  air  safety  by  expressing  pilot’s  opinion"  -  the  leading 
objective  of  our  society  (SETP). 

In  the  cockpit  we  do  not  need  doctors  in  science,  analysing  prototypes  in  flight  -  what  we  need  are  technically 
orientated  pilots  creating  good  airplanes  as  part  of  an  integrated  team  of  aircraft  designers,  aircraft  mechanics, 
development  and  test  engineers.  The  team  must  be  a  mixture  of  elder,  experienced,  hesitating  people  and  young, 
progressive  and  aggressive  persons.  This  mixture  gives  maximum  assurance  that  the  resulting  flying  machines  will 
be  classified  as: 

"Safe,  economic,  mission  orientated  and  beautiful  to  fly'. 

"Beautiful  to  fly"  is  the  pilots’  way  of  saying:  good  flying  Qualities. 
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LONGITUDINAL  STABtLITY  -  THE  “CIVIL”  APPROACH 


(■)  GENERAL 

A  pull  must  b«  required  to  obtain  and  maintain  ipeedt 
below  tha  specified  trim  apaad  and  a  puah  required  to 
obtain  and  maintain  apaada  above  tha  *  pacified  trim  speed. 
This  must  be  shown  at  any  apaad  that  can  bo  obtained  ... 
except  that  the  control  force  necessary  to  maintain  a  apaad 
differing  by  laai  than  10%  from  the  trimmed  apaad  may  be 
auppllsd  by  control  ayatem  friction. 


FAR  23  :  Tha  stick  tore*  must  vary  with  apaad  to  that  any 
substantial  apaad  change  result*  In  a  stick  fores  clearly 
perceptlbla  to  tha  pilot 

FAR  29  :  Tha  averagt  gradient  at  tha  stable  slop#  of  the 
stick  force  versus  spaed  curve  may  not  be  lest  than  1 
pound  for  each  8  knots 

BCAR  "K"  :  Tha  stick  force/speed  curve  shall  be  positive  at 
all  speeds  within  tha  required  speed  range*  except  that  the 
control  force  necessary  to  maintain  a  speed  differing  by  lest 
than  10%  from  the  trimmed  speod  may  be  supplied  by 
control  system  friction. 
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LONGITUDINAL  STABILITY,  THE  VIEW  Of-  TAB 


FIGURE  2 


LONGITUDINAL  STABILITY,  A  TYPICAL  SUPERSONIC  FIGHTER 
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FIGURE  4 


ALPHA-JET  ELEVATOR  CONTROL  CINEMATIC 


FIGURE  5 


ALPHA-Jl-T  ELEVATOR  CONTROL  CHARACTERISTICS  INCLUDING  AUTOTHIM  FUNCTION 


FIGURE  6 


LONGITUDINAL  STABILITY  -  THE  MIL  APPROACH 


3.2. 1.1  Longitudinal  static  stability 

For  levels  1  and  2  t tiara  shall  oa  no  tendency  tor  airspeed  to 
diverge  e periodically  when  the  airplane  1st  disturbed  tram 
trim  with  the  cockpit  controls  fixed  and  with  them  tree.  This 
requirement  will  be  considered  satisfied  It  the  variations  of 
pitch  control  force  and  pitch  control  position  wtth  airspeed 
are  smooth  and  local  gradients  stable,  with  : 

a)  Trimmer  and  throttle  controls  not  moved  from  the  trim 
settings  by  ihe  crew  and 

b)  acceleration  normal  to  the  flight  path,  and 

c)  constant  attitude 

over  a  range  about  the  trim  speed  ot  *  15%  or  ±  50  knots 
equivalent  airspeed,  whichever  Is  less  ... 


3.2.1. 1.1  Relaxation  In  transsonic  flight 

o)  Level*  1  and  2  -  For  center  stick  controllers,  no  local 
lores  gradient  shall  be  more  unstable  than  3  pounds  per 
0.01  M  nor  shall  the  force  change  exceed  10  pounds  In  the 
unstable  direction.  The  corresponding  limits  tor  wheal 
controllers  are  5  pounds  per  0.01  M  and  15  pounds, 
respectively. 

b)  Level  3  •  For  center-stick  controllers,  no  local  fores 
gradient  shell  be  more  unstable  than  6  pounds  per  0  01  M 
nor  shall  the  force  ever  exceed  20  pounds  In  the  unstable 
direction.  The  corresponding  limits  for  wheel  controllers  ere 
10  pounds  per  0.01  M  end  30  pounds  respectively. 

3.2.1. 1.2  Pitch  control  force  variations  during  rapid  speed 
changes. 


3. 2. 1.3  Flight  path  stability 
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FLIGHT  PATH  STABILITY  ACCORDING  TO  MIL  SPEC 


FIGURE  8 


LONGITUDINAL  STABILITY  OF  DO  24  ATT  AMPHIBIAN 
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DO  24  ATT  TRIM  ANGLE  AND  PORPOISE  LIMITS 
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STICK  FORCE  PER  g  ACCORDING  TO  MIL  SPEC 
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FIGURE  1 


TABLE  V. 

Pitch  manueveririq  force  qradient  limits. 

Center  Stick  Controllers 

Level 

Maximum  gradient 
(ffl/nlmax-  pounds  per  g 

Mir.ims.im  gradient 
(fs/nlmin-  pounds  per  g 

1 

240/ ( n/  ) 

but  not  more  than  23.0 
nor  less  than  56/nL-l  * 

the  higher  of  2>/nL-l 
and  3 . 0 

2 

360/  ( ii /  ) 

but  not  more  than  42.5 
nor  less  than  85/nj,-l 

the  higher  of  18/Nl~1 
and  3 . 0 

3 

56. Q 

the  higher  of  12/n^-l 
and  2 . 0 

*  For  nL  <3,  (Fs/n)max  is  28.0  for  Level  1,  42.5  for  Level  2. 
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EXAMPLE  OF  STICKFORCE  PER  g  OVER  AIRSPEED  :  CENTER-STICK  CONTROLLER,  nL  =  6,0 
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FIGURE  14 


DORN1ER  DO  228  -  200 
SECTION  2  -  LIMITATIONS 
OPERATING  LIMITATIONS: 

MAXIMUM  CERTIFICATED  WEIGHTS 

Whenever  the  Pilots  Operating  Handbook  refers  to  a  maximum  takeoff 
and  landing  weight  of  5700  kg  (12,560  lbs),  It  should  be  read  as  56SS  kg 
(12,564  lbs) 
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AliFCS  ANIJ  NOT  A  It”:  TWO  WAYS  TO  FIX  FLY!  NO  QUAIJTIKS 

CHANN1NG  S.  MORSE 
Senior  Experimental  Test  Pilot 
Research  and  Engineering  Specialist 
McDonnell  Douglas  Helicopter  Company 
5000  E.  McDowell  Road/560/G23 
Mesa,  AZ  82505 


INTRODUCTION 

Since  the  first  helicopter  flight,  "Desir¬ 
able  helicopter  flying  qualities"  has 
appeared  under  Webster's  definition  of  the 
term  oxymoron.  That  is  THE  paradoxical 
phrase.  Early  helicopter  designers  were 
limited  in  their  capability  to  affect  fly¬ 
ing  qualities.  There  seemed  to  be  little 
the  designer  could  do  to  improve  the 
pilot's  task  until  the  development  of 
flight  control  augmentation  devices. 

These  augmentation  devices  took  two  forms: 
Mechanical  and  Electronic.  Of  late,  elec¬ 
tronic  has  been  the  preferred  method  of 
tailoring  helicopter  flying  qualities  due 
to  its  inherent  flexibility  and  to  the 
rapid  advances  in  computational  uower. 
These  advances  have  recently  taknn  the 
form  of  artificial  flying  qualities 
generated  entirely  by  digital  computers. 
While  this  tends  to  work  very  well  in 
theory,  the  basic  helicopter  has  some  non¬ 
linear  aerodynamic  characteristics  which 
even  the  digital  computers  of  today  have 
trouble  dealing  with  in  real  time. 

As  the  Project  Test  Pilot  for  the 
McDonnell  Douglas  Helicopter  Company 
(MDHC)  Advanced  Digital  Flight  Control 
System  ( ADFCS )  and  NOTAR”,  I  have  had  the 
pleasure  of  participating  in  the  design 
and  flight  test  of  two  systems  which 
significantly  reduce  the  workload  of  the 
helicopter  pilot  by  improving  the  heli¬ 
copter's  flying  qualities.  This  paper 
reviews  the  development,  flight  test  and 
flying  qualities  improvements  of  these  two 
systems.  Emphasis  is  placed  on  some  of 
the  directional  control  problems  faced  on 
the  ADFCS  program  in  left  sideward  flight 
and  the  potential  for  the  NOTAR”  system  to 
improve  the  flying  qualifies  of  an 
advanced,  highly  augmented  rotorcraft. 

ADVANCED  DIGITAL  FLIGHT  CONTROL  SYSTEM 

In  1983,  a  general  question  was  presented 
to  the  then  Hughes  Helicopters  Experimen¬ 
tal  Test  Pilots:  "What  is  required  to 
make  a  mission  effective,  single  seat 
scout/attack  helicopter."  The  assumption 
was.  made  that  the  primary  pilot  task  was 
to  respond  to  the  volatile  battlefield 
situation  and  to  make  complex  Icgicax/tac- 
tical  decisions.  On  this  ussur  ption,  any 
task  which  diverts  the  pilot's  attention 
from  the  primary  task  decreases  his  capa¬ 
bility  to  survive.  Extending  this  logic 
to  the  flight  control  system,  aircraft 
control  had  to  become  a  secondary  task, 
including  night  and  poor  usable  visual  cue 
conditions.  Another  assumption  was  that 
the  level  of  sensor  data  available  would 


preclude  a  sensor  coupled  flight  control 
system,  analogous  to  an  automatic  terrain 
following  radar  system,  for  helicopter 
combat  operations.  This  meant  the  pilot 
would  still  be  responsible  for  the  direct 
control,  of  the  aircraft  flight  path  and 
provide  the  input  to  the  flight  control 
system.  Expanding  on  these  two 
assumptions  it  became  apparent  that  the 
flight  control  design  should  minimize  the 
pilot  cognitive  and  physical  interaction 
required  to  manage  control  of  the  aircraft 
flight  path. 

McDonnell  Douglas  Helicopter  Company 
undertook  a  flight  control  development 
program  to  evolve  a  system  which  would 
make  flight  control  a  secondary  task  for 
the  combat  helicopter  pi.lot.  The  ADFCS 
control  logic  would  be  developed  through 
an  iterative  process  of  concept,  simula¬ 
tion,  and  flight  test  to  evolve  toward  the 
goal  of  making  flight  control  a  secondary 
task.  MDHC  configured  a  prototype  Apache, 
Y AH-64  AV-05  (77-23258),  with  an  experi¬ 
mental  flight  contiol  system  for  develop¬ 
ment.  Since  that  beginning  in  1983, 

6  years  of  design  and  development, 

1800  hours  of  real  time  piloted  simula¬ 
tion,  and  270  hours  of  flight  te3t  have 
gone  into  the  development  of  the  ADFCS. 
Reference  1  contains  a  description  of  the 
program,  the  aircraft  and  the  testing. 

The  flight  test  aircraft  is  shown  in 
figure  1  and  a  schematic  cf  the  ADFCS 
installation  are  shown  in  figures  2,  3 
and  4. 

The  cockpit  controls  include  the  capa¬ 
bility  to  fly  the  ADFCS  with  4+0  sidestick 
controllers  left  or  right,  3+1  collective, 
3  +  1  pedals  or  2+1  +  1.  Controller  cor, tig 
oration  is  a  subject  unto  itself  and  will 
not  be  reviewed  as  part  of  this  paper. 
Advanced  flight  controls  are  often  con¬ 
fused  with  the  flight  controller  config¬ 
uration  and  the  two  are  interrelated  but 
not  dependent  on  one  another.  The  evolu¬ 
tion  of  the  flight  control  logic  is  des¬ 
cribed  in  reference  2.  The  flight  control 
system  logic  and  flight  testing  as  evolved 
up  to  October  1989  will  be  reviewed  here. 

FLIGHT  CONTROL  LOGIC 

Distillation  of  the  flight,  experiences  of 
the  experimental  test  pilot  staff  resulted 
in  some  basic  rules  for  development,  of  the 
flight  control  system: 

Flight  control  workload  should  not  b< 
traded  for  button  workload.  to,, 
matic  mod i ng  would  be  inquired 
because  there  : s  no  workload  advanr 
arte  if  the  uilot  has  to  manua  1  \  v 


select  the  flight  control  mode 
required.  This  automatic  mod i ng 
includes  flight  control  logic,  gain 
shading,  and  control  stick  charac¬ 
teristic  shaping. 

Envelope  limiting  was  required  to 
free  the  pilot  from  monitoring 
aircraft  maneuver  margins  and  enhance 
his  ability  to  use  the  entire  flight 
envelope . 

Some  basic  automated  emergency  con¬ 
dition  handling  was  required  if  the 
flight  control  task  wa3  to  become 
secondary . 

A  hierarchy  of  performance  trade-offs 
was  required  to  allow  for  an  orderly 
prioritization  of  aircraft  capability 
and  pilot  commanded  performance. 

Starting  with  a  clean  sheet  of  paper,  the 
flight  task  of  the  helicopter  pilot  was 
defined  as  flight  path  management  and  two 
environments  were  seen  as  critical:  Ar. 
inertially  referenced  flight  environment 
where  the  aircraft  flight  path  is  relative 
to  the  earth  and  an  airframe  referenced 
environment  where  the  aircraft  flight  path 
and  attitude  control  is  independent  of  the 
earth.  The  inertially  referenced  environ¬ 
ment  includes  takeof f/landinq,  hover/low 
speed,  NOE/terrain  flight,  enrouf e/naviga¬ 
tion  (both  instrument  and  visual  condi¬ 
tions),  and  air  to  ground  weapons 
delivery.  The  airframe  or  air  referenced 
environment  includes  aircraft  to  aircraft 
maneuvering  (formation  or  Air  Combat 
Maneuvering),  aerobatics,  and  some  air¬ 
speed  dependent  performance  conditions. 
Switching  between  systems  was  originally 
intended  to  be  automatic.  During  Simula¬ 
tion  and  flight  test,  this  became  a 
difficult  proposition  and  a  cyclic  switch 
was  added  with  the  switching  left  exclu¬ 
sively  to  the  pilot.  The  desire  for 
automatic  switching  remains  but  even  very 
complex  logic  schemes  of  combined  rate/ 
attitude/command  have  proven  inadequate. 
The  inertially  referenced  flight:  control 
system  came  to  be  known  as  Flight  Path 
Vector  (FPV)  control  and  the  air 
referenced  system  Aerobatic  control. 

FLIGHT  PATH  VECTOR  SYSTEM 

The  Flight  Path  Vector  control  system 
evolved  into  a  collection  of  modes  which 
handle  different  parts  of  the  inertially 
referenced  flight  environment.  The  modes 
currently  include  GROUND,  HOVER,  LOW 
SPEED,  and  CRUISE.  Switching  between 
these  modes  is  automatic  and  transparent 
to  the  pilot.  Some  symbology  cueing  on 
the  He i met  Mounted  Display  (H.dD)  shows  the 
active  ...ode  and  pilot  transition  between 
the  different  mode  logic  is  very  natural. 

A  short  review  of  the  FPV  modes  should 
help  clarify  how  the  initial  assumptions 
and  requirements  were  evolved  into  a  full 
envelope  flight  control  system. 

GROUND  .MODE'  -  The  ground  mode  is  used 
for  aircraft  start /shutdown,  taxi, 
takeoff  and  landings.  Switching  in 


and  out  of  ground  mode  is  commanded 
by  the  combined  state  of  the  weight 
on  wheels  switches.  The  development 
of  the  ground  control  mode  was  one  of 
the  more  difficult  developmental 
tasks.  A  helicopter  has  its  full 
control  power  available  as  soon  as 
the  rotor  is  accelerated  to  operating 
speed.  Thin  necessitates  great  cere 
in  how  control  inputs  are  sent  to  the 
control  surfaces  and  the  sensor  suite 
on  the  development  aircraft  presented 
some  unique  development  problems. 
During  ground  operations,  the  cyclic 
control  of  the  rotor  is  used  as 
basically  a  tip  path  plane  trimming 
system.  No  tip  path  plane  position 
feedback  was  available  on  AV-05  so 
the  pilot  was  responsible  for 
manually  positioning  the  main  rotor. 
Vertical  control  was  used  for  main 
rotor  collective  pitch  (power). 
Directional  control  was  used  for 
heading  control.  Limited  body  rate 
feedbacks  were  allowed  in  pitch  and 
roll  with  rote  .and  heading  informa¬ 
tion  used  in  yaw.  Prior  to  the  first 
engagement  of  the  ground  control 
system  on  the  ground,  airborne 
engagements  and  a  flight  envelope  was 
established  using  the  ground  control 
system..  This  enabled  initial  check¬ 
out  ar.d  gain  settings  without  the 
risk  of  ground  contact,  flight  con¬ 
trol  induced  ground  resonance,  or 
system  hardever.  The  system  was 
surprisingly  easy  to  fly  and  tun 
envelope  was  expanded  from  hover  to 
cippi oximately  150  KCAS  .  Takeof  f3  and 
landings  were  made  from  different 
slope  conditions  and  at  speeds  up  to 
50  knots.  After  a  development 
period,  the  ground  to  air  and  air  to 
ground  transitions  were  easily 
accomplished  and  no  control 
transients  were  detectable. 

Figure  5  illustrates  the  control  logic  for 

stick  command  ar.d  hold  functions  of  the 

HOVFR,  LOW  SPEED,  and  CRUISE  modes. 

HOVER  MODE  -  Through  experimentation 
a  5  k rot  hover  capture  region  was 
established.  If  uhe  aircraft  ground 
velocity  is  less  than  5  knots  and 
there  is  io  commanded  pilot  input, 
the  system  establishes  a  hover  and 
holds  hover  position.  This  hover 
capture  region  makes  hover  very  easy 
to  establish.  The  p..lot  has  only  to 
drive  the  commanded  FPV  to  lees  than 
5  knots  in  his  HMD  and  release  the 
controls.  Longitudinal  sticc 
commands  longitudinal  acceleration. 
Lateral  stick  commands  lateral 
accelerat icn .  Directional  control 
inputs  command  yaw  rale  with  heading 
hold.  Vertical  control  inputs 
command  vertical  velocity  with  radar 
altitude  hold. 

LOW  SPEED  MODE  -  The  low  speed  region 
is  from  5  knots  to  20  knots  with  the 
inertial  flight  path  veetet  aligned 
laterally  within  15  degrees  of  the 
aircraft  nose;  5-45  knots  it*  the  resit 


of  the  circle.  In  this  region, 
longitudinal  stick  commands  longitu¬ 
dinal  acceleration  and  the  longitu¬ 
dinal  inertial  velocity  is  held  in 
the  absence  of  a  command.  Lateral 
stick  commands  lateral  acceleration 
with  inertial  velocity  hold.  Above 
20  knots  with  the  nose  aligned  with 
the  flight  path  vector  ana  above 
45  knots,  lateral  stick  commands  roll 
rate  with  turn  rate  hold.  Early  work 
was  done  with  a  more  conventional 
bank  angle  hold.  This  was  refined  to 
the  current  turn  rate  hold  to  make 
the  commanded  ground  track  in  the 
turn  independent  of  speed  changes. 
With  the  turn  rate  hold,  oank  angle 
is  varied  with  speed  changes  and  the 
ground  track  is  held  relatively 
constant.  This  reduced  the  multiple 
control  inputs  required  for  a  turning 
acceleration  or  deceleration  close  to 
ground  obstacles.  Directional  con¬ 
trol  commands  yaw  rate  with  heading 
hold  and  the  established  flight,  path 
is  held  constant.  Directional  trim¬ 
med  flight  is  defined  as  zero  iner¬ 
tial  beta  up  to  60  knots.  If  the 
directional  command  displaces  the 
nose  less  than  15  degrees  from  the 
flight,  path  vector  the  aircraft, 
returns  to  trim  wtien  the  control  is 
released.  If  tne  directional  command 
displaces  the  nose  more  than  15  deg¬ 
rees  from  the  flight  path  vector,  the 
new  heading  is  held.  The  vertical 
command  becomes  vertical  acceleration 
with  gamma  hold.  Level  flight  is  a 
subset  with  gamma  equal  to  zero  and  a 
capture  band  around  gamma  ~  0  degrees 
allows  easy  capture  of  level  flight. 
This  allows  descending/decelerating 
approaches  with  only  a  deceleration 
command  once  the  descent  angle  is 
set.  In  the  terrain  flight  environ¬ 
ment,  the  frequency  of  vertical  com¬ 
mands  were  reduced  because  the  air¬ 
craft  can  be  easi  v  triru.ed  to  follow 
the  general  slope  if  the  terrain  by 
placing  the  flight  path  vector  3yinbol 
in  the  display  over  the  desired  point 
c.i  the  terrain.  This  flight  path 
vector  is  displayed  as  a  virtual 
symbol  in  tne  helmet  mounted  display. 
A  recent  addition  to  the  level  flight 
hold  meenanism  has  added  a  radar 
altitude  reference  with  a  relatively 
long  t :  me  constant  up  to  45  knots, 
which  was  not  intended  as  a  terrain 
following  mode,  but  does  reduce  the 
vorkload  in  the  NOF  environment. 

CRUISE  MODE!  -  Cruise  mode  is  defined 
as  inertial  speed  above  20  knots  if 
the  nose  is  within  15  degrees  of  the 
flight  path  vector,  45  knots  in  any 
case.  Longitudinal  stick  command 
remains  longitudinal  acceleration, 
inertial  speed  hold.  Lateral  stick 
command  remains  roll  rate  with  turn 
rate  hold.  Directional  commands 
heading  to  the  sideslip  limit  of  the 
airframe  and  returns  to  trim  when  the 
command  is  released.  Lateral  trim  is 
defined  :--i  wings  level,  inertial 
group!  -k  he. _d.  Vertical  command 


is  vertical  acceleration  with  gamma 
hold.  The  level  flight  subset  has  a 
small  capture  window  neat  gamma  -  0 
with  barometric  altitude  hold. 

The  Flight  Path  Vector  system  includes  the 
full  envelope  of  the  Apache  teat  vehicle . 
The  flight  test  and  demonstration  of  the 
system  has  shown  a  dramatic  workload 
reduction  in  the  inertially  referenced 
environment.  The  beet  indication  of  the 
low  workload  during  the  demonstration 
program  was  the  performance  of  people 
without  any  flying  experience.  With  a 
preflight  briefing  on  the  system  and  some 
in  cockpit  coaching,  nor.-pilots  could 
command  near  envelope  limit  performance 
from  the  aircraft  in  the  course  of  a  one 
hour  demonstration  flight.  Experienced 
pilots  found  that  in  the  normally  intense 
low  altitude  terrain  flight  environment 
relatively  few  flight  control  inputs  were 
required  and  far  more  time  was  available 
for  other  tasks  -  the  flight  control  task 
was  secondary  and  the  fewer  flight  control 
inputs  the  better  the  performance  of  tne 
ai rcraf t . 

AEROBATIC  SYSTEM 

The  Aerobatic  system  has  a  much  lower 
level  of  flight  control  automation,  l't  is 
essentially  a  rate  command/at.t i tude  hold 
system.  The  envelope  limiting  features  of 
FPV  are  retained.  Classically  good  con¬ 
ventional  flying  qualities  were  built  into 
this  rate  command/attitude  hold  system. 
Additional  coordination  includes  the  addi¬ 
tion  of  pitch  coordination  with  bank  angle 
to  maintain  1  g  flight  at  all  attitudes 
with  the  pilot  able  tc  modulate  g  level 
above  or  below  that  reference.  A  high 
level  of  decoupling  was  retained  to  allow 
single  axis  inputs  with  single  axis  res¬ 
ponse.  Heave  damping  was  added  to  the 
vertical  axis  for  reduced  workload  in 
collective  control.  Future  additions  to 
the  aerobatic  mode  could  easily  include 
automation  a3  a  function  of  weapon  and 
sensor  status  to  include  features  of 
integrated  flight  and  fire  control  (IFFC). 
This  system  was  also  designed  for  full 
Apache  envelope  operation  and  switching 
between  the  two  modes  is  smooth.  No  rate 
or  attitude  liytits  are  imposed  for  switch¬ 
ing  and  the  pilots  hive  adapted  well  to 
the  inflight  change  in  reference  systems. 

While  the  original  intent  of  the  concept 
was  that  these  two  systems  would  be  com¬ 
pletely  mission  dependent,  it  has  turned 
out  that  they  can  be  u.ced  in  concert  to 
achieve  the  characteristics  desired  by  the 
pilot  at  t fie  moment.  That  is,  aa  experi¬ 
ence  with  the  total  system  increased,  the 
pilot  was  more  likely  to  switch  between 
the  systems  dependent  on  workload  and  used 
the  FPV  system  to  unload  the  flight  con¬ 
trol  task  and  apply  himself  to  other 
tasks.  It  was  particularly  interesting 
during  the  development,  process  that  con¬ 
trol  difficulties  in  the  aerobatic  system 
were  usually  reso.lv.id  by  switching  iv  the 
FPV  system.  For  example ,  flight,  test  of 
the  aerobatic /rate  command- -at. t :  t tide  hold 
system  sometimes  revealed  regions  of  ■ 
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induced  oscillation  (PIO)  or  flight  con¬ 
trol  system  instabilities  and  the  FPV 
system  t,as  a  quick  transition  to 
controlled  flight. 

In  my  experience,  the  ADFCS  is  the  most, 
advanced  and  sophisticated  augmentation 
system  implemented  on  a  helicopter.  At 
the  opposite  extreme  of  flight  control 
augmentation  is  the  NOTAR”  system  applied 
to  an  MD500  series  helicopter  -  no  elec¬ 
tronics,  no  hydraulics  and  no  mechanical 
stabilization  -  yet  very  desirable  flying 
qualities. 

NOT  Alt”  SYSTEM 

NOTAR”  is  the  McDonnell  Douglas  Helicopter 
Company  (MDHC.)  trademark  for  a  system 
which  replaces  a  conventional  helicopter’s 
tail  rotor.  "Conventional "  meaning  a 
single  main  rotor  helicopter  with  a  tail 
rotor  or  fenestron. 

NOTAR”  DESCRIPTION 

The  NOTAR™  system  design  philosophy  was  to 
replace  the  tail  rotor  with  something  "as 
good"  arid  eliminate  the  exposed  auxiliary 
rotor  for  safety  considerations.  A  con¬ 
ventional  helicopter  ta, 1  rotor  or  fenes¬ 
tron  system  provides  directional  control 
for  the  pilot  or  flight  control  system  and 
antitorque  to  counter  the  fuselage  moment 
generated  by  the  main  rotor  torque.  Two 
concepts  were  peu  tulated  as  a  means  to 
this  end; 

1.  That  directional  control  could  be 
satisfactorily  accomplished  by  an  air 
thruster  directed  by  the  pilot. 

2.  That  a  significant  percentage  of 
the  required  anti-torque  in  the  low 
speed  regime  could  be  accomplished  by 
producing  lift  on  the  tailboom.  Lift, 
produced  using  a  low  pressure  circu¬ 
lation  control  tailboom  as  the  wing 
and  the  main  rotor  >wnwash  as  the 
free  stream. 

The  research  program  was  structured  to 
validate  these  concepts  aud  then  to  inte¬ 
grate  them  onto  a  helicopter  for  evalua¬ 
tion.  The  flight  teat  vehicle  was  origi¬ 
nally  an  0H-6A  and  it  haw  been  used 
throughout  'rhe  NOTAR”  development  process. 
The  system  development  process  is  outlined 
in  table  1. 

Some  of  thz  significant  events  in  the 
NOTAR”  development  program  were:  valida¬ 
tion  of  the  concept  that  circulation  con¬ 
trol  lift  could  be  produced  under  the 
rotor  of  a  hovering  helicopter  using  a  low 
pressure  slot  system;  addition  of  the 
second  slot;  demonstration  of  an  efficient 
fan  design;  qualitative  flight  evaluation; 
empennage  flight  test  and  measurement  of 
the  flow  field  at  the  rear  of  the 
8 i rcraf  t . 

The  13  year  research  and  development 
program  resulted  in  the  configuration 
shown  in  figure  6. 
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The  NOTAR”  system  has  now  been  integrated 
into  the  MD500  series  and  the  MDf>30N  and 
MD520N  are  in  FAA  certification  testing. 
Figure  7  shows  the  configuration  of  those 
aircraft. 

NOTAR”  IN  PRACTICE 

A  discussion  of  the  flying  qualities  and 
operational  impact  of  a  NOTAR”  equipped 
helicopter  must  be  preceded  by  a  discus¬ 
sion  of  tail  rotor  characteristics,  parti¬ 
cularly  thrust  required  and  thrust 
produced. 

The  tail  rotor  operates  in  the  environment 
at  the  rear  of  the  helicopter.  This 
exposes  it  to  trees,  bushss,  fences, 
wires,  people,  rocks,  ground,  and  the  air. 
The  exposure  to  the  first  seven  usually 
result  in  some  change  in  thru3t  output  and 
structural  damage.  The  exposure  to  air 
can  be  described  as  the  aerodynamic 
environment  and  leads  to  the  following 
generalised  equations. 

TAIL  ROTOR  THRUST  REQUIRED  =  f ( MAIN 
ROTOR  TORQUE  +  DIRECTIONAL  CONTROL 
INPUT) 

TAIL  ROTOR  THRUST  PRODUCED  - 
f (DIRECTIONAL  CONTROL  INPUT  + 

RELATIVE  WIND  AZIMUTH  AND  VELOCITY  + 
YAW  RATE  +  YAW  ACCELERATION  +  AIR 
QUALITY  +  WIND  AND  MAIN  ROTOR 
RELATIVE  POSITION) 

A  comparison  to  the  same  equations  for 
NOTAR”  provides  some  insight  into  the 
relative  flying  qualities. 

NOTAR”  THRUST  REQUIRED  =  f (MAIN  ROTOR 
TORQUE  +  DIRECTIONAL  CONTROL  INPUT) 

NOTAR”  THRUST  PRODUCED  -  f (MAIN  ROTOR 
TORQUE  +  DIRECTIONAL  CONTROL  INPUT) 

Figure  8  shows  some  of  the  influences  on 
tail  rotor  thrust. 

The  directional  control  task  in  trimmed 
flight  is  to  make  thrust  produced  equal 
thrust  required.  For  NOTAR”  the  thrust 
required  and  the  thrust  produced  are 
functions  of  the  same  parameters,  main 
rotor  torque  and  directional  control 
input.  There  are  two  equations  in  two 
variables  and  the  solution  tor  the  pilot 
is  very  simple.  The  tail  rotor  problem  is 
far  more  complex,  two  equations  in  eight 
variables,  and  it's  surprising  the  pilot 
can  solve  it  at  all.  The  impact  of  these 
simple  generalisations  on  pilot,  workload 
is  significant.  The  developmental  and 
certification  flight  testing  of  .tie  MD500N 
series  has  demonstrated  the  following 
cha»  acterlsticj  with  a  mechanical  vontrol 
system  and  no  hydraulic  boost  or 
f.rt :  f  icia.i  stability  augmentation. 

lower  charges  m  low  speed  flight  i:> 
not  require  pedal  inputs  to  compen¬ 
sate  for  inc-'  eased  or  decreased  main 
•: o t o torque  •  s  in  ...  o o n v ention a  1 
helicopter.  " h i s  reduces  pilot 


workload  and  leads  to  a  reduced  total 
power  required  for  maneuvering 
flight.  This  can  be  easily  seen 
using  a  helicopter  quick  stop  maneu¬ 
ver  as  an  illustration.  With  a  con¬ 
ventional  anti-torque  system,  the 
large  power  increase  required  at  the 
end  of  a  quick  stop  must  be  accompan¬ 
ied  by  a  large  increase  in  tail  rotor 
thrust  which  reduces  the  power  avail¬ 
able  to  the  main  rotor  to  control 
sink  rate  and  establish  a  hover. 
Contrast  this  to  the  situation  with 
NOTAR™.  The  large  power  increase  to 
complete  the  quick  stop  does  not 
require  a  corresponding  directional 
control  input  and  the  horsepower 
required  for  anti-torque  is  the  same 
as  required  for  a  stable  hover.  This 
provides  an  increase  in  power  avail¬ 
able  to  the  main  rotor  to  arrest  a 
sink  rate  or  to  maneuver. 

The  pilot  directional  control  work¬ 
load  to  hover  and  control  yaw  rate  is 
net  impacted  by  relative  wind  velo¬ 
city,  direction  or  gust  spread.  The 
force  from  the  tail  rotor  is  a  func¬ 
tion  of  these  external  factors  while 
the  force  from  the  NOTAR™  thruster  is 
not  affected  by  them.  Any  change  in 
the  thrust  Of  the  anti-torque  system 
must  be  compensated  for  by  the  pilot 
to  balance  the  moment  equation.  This 
is  particularly  significant  when  con¬ 
sidering  relative  wind/motion  which 
induces  vortex  ring  state  at  the  tail 
rotor  or  loss  of  tail  rotor  effec¬ 
tiveness/stall.  We  have  been  unable 
to  induce  any  similar  effect  with  the 
NOTAR™  system. 

¥aw  rate  and  acceleration  do  not 
impact  the  NOTAR™  thruster  force. 
Conventional  anti-torque  systems  be¬ 
come  very  difficult  to  control  at  yaw 
rates  above  60  degrees  per  second  and 
large  control  inputs  at  therfe  rates 
can  produce  loss  of  directional  con¬ 
trol  and  large  torque  fluctuations. 
NOTAR™  has  demonstrated  useful  yaw 
rates  in  excess  of  120  degrees  per 
second  with  full  throw  pedal  rever¬ 
sals  and  very  linear  control  res¬ 
ponse.  Thin  useful  yaw  rate  was 
achieved  with  100  degree  per  second 
per  second  yaw  acceleration  and 
40  percent  per  second  control  inputs. 
This  control  capability  has  also  been 
demonstrated  in  30-40  knot  winds. 

Current  generation  military  helicop¬ 
ters  are  specified  to  be  capable  of 
45  knots  crosuwind  and  downwind 
hover.  To  meet  this  specification, 
the  designer  must  include  a  large, 
powerful  tail  rotor.  For  clearance, 
the  large  tail  rotor  must  be  mounted 
in  a  high  position  above  the  tailboom 
on  a  pylon.  This  combination  of 
powerful  tail  rotor  and  mounting 
above  the  centerline  of  the  boom 
introduces  structural  problems  which 
are  common  to  moat  modern  helicop¬ 
ters,  The  structural  problems  can  be 
identified  as  tailboom  torsion,  tail- 


boom  bending,  and  tail  rotor  hub 
strain  due  to  precession  flapping. 
These  problems  are  aggravated  with 
high  roll  rates  or  large,  rapid  pedal 
inputs.  Typically,  the  pilot  must  be 
prevented  from  making  large,  rapid 
pedal  inputs  by  flight  manual  res¬ 
triction  or  tail  rotor  control  rate 
damping.  The  incidence  of  structural 
damage  is  increased  during  aerobatic 
maneuvering.  During  structural  test¬ 
ing  with  NOTAR™,  we  have  not  encoun¬ 
tered  any  structural  limitations 
associated  with  the  size  or  rate  of 
pedal  input.  This  includes  full 
pedal  reversals  in  less  than  .3  sec¬ 
onds  at  120  degrees  per  second  yaw 
rate.  The  implication  for  the  heli¬ 
copter  pilot  is  significant  when 
combined  with  the  linear  control 
response  in  these  conditions.  The 
NOTAR™  pilot  can  make  large,  high 
frequency  directional  control  inputs 
and  maintain  precise  aircraft  control 
enabling  him  to  safely  perform  maneu¬ 
vers  well  outside  the  safe  envelope 
for  a  tail  rotor.  The  operational 
impact  is  significant.  The  structur¬ 
al  flight  test  for  the  MD-500N  in¬ 
cluded  full  aerobatic  maneuvers  to 
qualify  the  aircraft  for  aerobatic 
flight.  This  testing  was  very  suc¬ 
cessful  and  the  third  production 
prototype  demonstrated  its  aerobatic 
prowess  at  the  Farnborough  Air  Show. 

Downwind  hover  in  conventional 
helicopters  has  been  accompanied  by 
increases  in  torque,  vibration  level 
and  workload.  This  has  forced  he 
helicopter  pilot  to  be  very  aware  of 
the  wind  direction  in  all  his  low 
altitude/low  speed  tasks.  In  most 
situations,  the  penalty  for  inatten¬ 
tion  was  degraded  flight  control  at 
best,  loss  of  aircraft  control  or 
inadequate  power  available  at  worst, 
Good  pilot  technique  to  overcome 
these  problems  has  been  to  find 
targets  and  landing  zones  into  the 
relative  wind  not  always  practical 
or  passible.  NOTAR™  has  freed  the 
helicopter  pilot  from  this  slavery  to 
the  wind  direction  in  the  same  manner 
that  tandem,  coaxial,  and  syncopters 
have  in  the  past.  The  improvement 
over  those  configurations  is  the 
retention  of  excellent  yaw  maneuver¬ 
ability/agility  . 

The  helicopter  is  aerodynamicaily  and 
dynamically  coupled  in  all  axes. 

This  has  the  effect  of  requiring 
secondary  control  inputs  in  three 
axes  for  every  primary  control  input. 
All  the  experienced  helicopter  pilots 
who  have  flown  NOTAR™  have  commented 
that  the  wcrxload  reduction  extends 
to  all  control  axes.  This  synergism 
of  reduced  workload  is  a  result  of 
reducing  the  pedal  workload  and 
thereby  eliminating  the  corresponding 
inputs  in  pitch,  roll,  and  yaw,  in 
addition  to  reducing  the  required 


pedal  input  to  compensate  for  inputs 
in  the  other  axes. 
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Implied  in  the  above  workload  discus¬ 
sion  is  the  elimination  of  interfer¬ 
ence  effects  between  main  and  tail 
rotors.  The  downwind  hover  effect  of 
tail  rotor  vortices  impinging  on  the 
main  rotor  is  one  area  of  impact. 

Main  rotor  vortices  effect  on  tail 
rotor  performance  must  also  be 
considered . 

All  these  workload  effects  are  significant 
to  the  operation  of  the  helicopter.  Digi¬ 
tal  flight  control  could  enhance  the 
NOTAR™  system  by  optimizing  the  configura¬ 
tion  for  the  flight  regime.  The  current 
system  configuration  is  fixed  throughout 
the  flight  envelope  but  only  has  a  signif¬ 
icant  impact  on  the  flying  qualities  of 
the  helicopter  in  the  low  speed  environ¬ 
ment.  A  digital  control  system  and  flexi¬ 
ble  configuration  could  ea.i.ly  optimize 
the  system  configuration  for  the  each  part 
of  the  flight  envelope.  Conversely,  the 
NOTAR™  system  characteristics  in  the  low 
speed  environment  can  greatly  ease  the  job 
of  the  helicopter  digital  flight  control 
des igner „ 

onventional  helicopters  ha^e  a  very 
nonlinear  response  region  in  crosswind 
conditions;  sideward  flight  to  the  left 
for  counter  clockwise  main  rotor  rotation 
(U.S.,  British,  German,  Italian)  and  to 
the  right  for  clockwise  main  rotor  rota¬ 
tion  (French,  Russian).  Tail  rotor  thrust 
can  change  dramatically  and  be  very  non¬ 
linear  in  these  wind  conditions.  The  vor¬ 
tices  from  the  tail  rotor  ran  also 
aggravate  main  rotor  response  by  interfer¬ 
ence  effects  in  these  same  conditions. 

This  condition  is  usually  self  correcting 
in  that;  if  nothing  is  done,  the  helicop¬ 
ter  will  yaw  to  a  new  relative  wind  azi¬ 
muth  and  take  the  tail  rotor  out  of  this 
difficulty.  When  the  pilot,  ground 
obstacles,  or  a  flight  control  system 
interfere  with  this  natural  response,  the 
problem  is  magnified  and  sometimes  cata¬ 
strophic.  In  the  case  of  a  digital  flight 
control  system,  any  flight  regime  in  which 
the  aircraft  response  becomes  nonlinear  or 
the  sign  of  the  response  changes  for  a 
given  control  input  special  design  con¬ 
siderations  are  required.  The  development 
of  the  ADFCS  on  AV-05  exposed  some  of 
these  problems.  In  left  sideward  flight 
at  approximately  40  knots,  the  AH-64 
enters  a  region  of  nonlinear  control  res¬ 
ponse  marked  by  a  tail  rotor  control  sense 
reversal.  Pilots  can  easily  adapt  to  this 
effect  and  the  aircraft  is  easily  control¬ 
led  by  the  pilot  in  40  knot  crosswinds. 

The  digital  '  ight  control  system  had  more 
difficulty.  Even  after  gain  and  system 
tuning  a  pitch,  roll,  and  yaw  oscillation 
remains  divergent  in  this  flight  region. 
Figure  9  shows  this  aircraft  response  in 
the  form  of  attitude-time  nistory  traces. 

Figure  10  is  .a  comparable  time  history  of 
the  basic  aircraft  with  pilot  control. 


The  NOTAR™  system  ha3  the  potential  to 
eliminate  this  problem  for  the  flight 
control  designer.  Development  of  the 
flight  control  system  In  the  right  side¬ 
ward  flight  regime  remains  incomplete. 

With  design  and  flight  test  effort,  the 
digital  flight  control  system  has  the 
potential  to  eliminate  the  instability 
shown  here;  however,  a  software  fix  for 
this  anomaly  in  the  helicopter’s  flight 
envelope  may  not  be  as  good  a  solution  as 
an  aerodynamic/configuration  change.  This 
is  intended  as  one  illustration  of  a 
flight  condition  which  does  not  respond 
easily  to  digital  flight  control  augmenta¬ 
tion.  There  are  many  others,  in  both 
helicopter  and  fixed  wing  aircraft,  which 
involve  regions  of  the  flight  envelope 
that  cannot  be  modeled  accurately  with  a 
second  order  differential  equation.  In 
spite  of  the  power  of  the  digital  compu¬ 
ter,  the  project/program  manager  must 
continue  to  view  the  development  of  new 
aircraft  as  a  big  picture  and  pursue  the 
entire  range  of  design  solutions  for  the 
best  combination  to  fulfill  the  aircraft's 
mission  objectives. 

CONCLUSION 

By  combining  the  capabilities  of  all  the 
design  tools,  aircraft  potential  is  en¬ 
hanced.  An  excellent  example  in  the  fixed 
wing  community  is  the  trend  to  reducing 
the  static  stability  of  modern  aircraft  to 
enhance  maneuver  capability  and/or  perfor¬ 
mance.  It  has  been  used  as  a  design  tech¬ 
nique  in  the  fighter  mission  to  increase 
agility  and  in  the  transport  mission  to 
increase  cruise  performance.  These 
designs  depend  cn  electronic  augmentation 
for  acceptable  handling  qualities.  Struc¬ 
tural  design  of  large  wings  has  been  modi¬ 
fied  to  reduce  weight  by  using  flight 
ontrol  to  reduce  g  and  gust  loading  on 
the  outboard  wing  sections. 

This  synergism  of  design  is  only  possible 
through  open  minded  pursuit  of  good  total 
design  solutions.  The  helicopter  commun¬ 
ity  can  certainly  benefit  from  this 
approach.  Advancement  of  aircraft  design 
can  be  easily  stagnated  by  imposing 
requirements/restrictions  on  the  designers 
through  over • specification,  specifica¬ 
tions  tend  to  lag  design  innovation 
because  they  must  be  based  or.  existing 
knowledge  and  technology.  The  specifica¬ 
tion;  should  ease  the  way  of  design  inno¬ 
vation  and  not  restrict  it.  Design 
innovation  can  be  restricted  diiectly  by 
over-specification  and  indirectly  by 
program  management  perception  of  penalties 
for  not  meeting  the  letter  of  a  specifi¬ 
cation.  This  is  particularly  true  in 
competitively  bid  programs. 

in  these  instances,  the  entire  aircraii 
design  team  must  oe  open  to  solutions 
outside  their  areas  of  expertise  Good 
solutions,  like  medical  cures,  must,  treat 
the  cause  of  the  sy«>:  toms  not  just  the 
Symptoms . 
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SCHEMATIC  OF  ADFCS  INSTALLATION 
FIGURE  2 
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POLAR  PLOT  OF  SPEED/AZIMUTH  CONTROL  LOGIC 
FIGURE  5 
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INFLUENCES  ON  TAIL  ROTOR  THRUST 
FIGURE  8 
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TIME  HISTORY  OF  AV-OS  IN  LEFT  SIDEWARD  FLIGHT 
FIGURE  9 
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1,  Generalizes  snr  Id  conception  de  lois  de 
f>i  lotcHja. 


Resum4 . 


a'  Contoxte. 


Les  commandos  de  vol  alectriques,  dans  un 
envi ronnement  de  ealeu lateurs  numer iques, 
peimettent.  d’tilabcrer  des  lois  de  pilotage 
manuel  sophist. lqu£«is  dont  le  but  principal 
est  d'am^iiorer  les  qualites  de  vol  d'un 
avion,  en  particulier  .u  niveau  stability, 
pilotage,  et  protections  du  domaine  de  vol. 
Cependant.  les  degres  de  libert.6  effectifs 
dans  la  conception  de  ces  lois  sont  limit.es 
par  des  contraintes  physiques  aussi  bien  quo 
humaines,  pulsqu'il  s'agit.  de  pilotage 
manucl . 

Sur  1 1  Airbus  A3?0,  les  calculateurs  de 
cctnmandes  de  vol  ont  acces  aux  informations 
anemomet r i ques  et  inert ielles  ainsi  qu'a 
d'autres  donnees  caracter i st iques  de  1 ’etat. 
de  1 'avion,  et  peuvent  asservir  '.cutes  les 
gouvernes.  Ceci  a  peimis  de  realiser  des  lois 
de  pilotage  repondant  a  des  objectifs  de 
pilotage  simples  et  adapt4s  aux  contraintes 
rencontrees.  Des  rdsultats  d'essais  en  vol 
-eront  piesent^s  pour  mettre  en  Evidence  les 
points  caractenst  iques  des  qualites  cn  vol 
lateral  ainsi  obtenues. 

Nous  evoquerons  pour  conclure  les 
possibilites  d'ameiioration  de  la 
d i spon i bi 1 i t 6  de  ces  lcis  evoluees  par  une 
me; 11-  u,e  tolerance  aux  pannes  des  systemes 
emban  ues,  et  en  consequence  le  role 
potent iei  qu'eiies  peuvent  ’ouer  dans 
1  '  opt  imi  sat  ion  du  d  in.ons  i  onnement  des  avions 
f  ut  u  r  s 

0.  Notations 

P,  angle  de  derapage,  ■  ° )  ; 

ny,  facteur  Je  charge  lateral,  (q); 

pj,  vitesse  de  roulis,  l°/s); 

:  p  vitesse  de  lacet, 

0  j ,  angle  d'assiette  late  rale,  ( “ )  ; 

Op,  c  )rnmande  des  gouvernes  alaires,  ailerons 
et  spo  i  ’  er  s  ,  (°1  ; 

5r ,  .oniifuinde  de  cjouvorno  de  direction,  (°)  ; 
(dx/d'v  )  ,  de  rivet?  de  x  par  rappor  i  au  temps; 

4/  facteur  d '  amoi  t  isuemortt  d'  n  mode  ; 
co,  pulsation  d'un  mode,  ar,  id/s, 

6,  symbol,  e  mat.hemal  ique  d  '  appa r  t  on 'i;,ce ; 

CDVE,  Comma n des  Do  Vo)  El  vct.  r  i ques ; 

Vc,  Vitesse  air  convent ionne 1 le ; 
c on f  ,  configuration  des  bee s / vo  lets; 

P!0,  pompage  pilots  (Pilot  Induced 
Osci 1 1  at ■ ons) ; 

r  DC ,  cent  rale  an  dm  o.me  t  r  i  q  u  e  (Air  D  a  \  a 
Compu ter) ; 

IRS,  cent  r  a  Le  inertiei  le  (Inert  iai  He  f  e r  o  n  <  o 
S/st  en)  ; 


Le  contexte  necessaire  a  des  Lois  de 
pilotage  evoluees,  ct  done  a  des  qualites  de 
vol  ameiiorees  (par  rapport  a  1 'avion 
"nature l" ) ,  est  schematise  fig,  0:  des 
capt.eurs  elect r iques  sur  les  organes  dc 
pilotage  (manche  et  p*ionnier  pour  le 
pilotage  lateral)  permettent  de  transformer 
ces  braquages  e*i  objectifs  de  pilotage;  ceux- 
ci  sont  ensuite  compares  a  I'etat  reel  de 
le avion,  mesure  par  des  capteurs 
anemomet r iques ,  inertiels,  etc...  De  cette 
comparaison,  on  deceit  I’ordre  a  envoyer  aux 
asservissement s  des  gouvorr.es  de  roulis 
(ailerons  &  spoilers)  et  de  lacet 
(direct  ion )  . 


lois  de  pilotage i  servos 
I  objects. 

ordres  J 


roes  u  res 


ca  1  cu  1  a  tour  s 
numer iques 


AVION 


cap'  ?ur3 
destinialcurs 
ADC.  IRS 


£  iq  .  0 


b)  poss i bi  l  ites . 


Cette  st  ructure  pet  met  d'ufilisor  les 
f >r  i  ncipos  dc  co::l »  ole  act  1. 1  ge.u. .  a  1  i  se  (('AG) 
autrement  dit  les  technique's  d 1  automat ique, 
dont  ia  caract  er  i  st.  i  quo  de  commander  des 
braquages  de  gouvernes  fom.-t.iors  de  i'ordio 
pilote,  bien  sur,  ma i s  aussi  do  1  '  ft  at  de 
!.  'avion  (ce  point  est  import  an!  ,  •;  ar  ii  pout 

et.ro  nccossuiro  do  iournir  au  pi  lore  des 
informa'  ions  sur  la  position  do§  gouver  nos)  . 

I  1  e x  i  s t. o ,  sur  la  p  1  u pa r  t.  de .s  a  v j  on s 
.it; f  ue  Is,  des  d i  s po s  i  t  i  f  s  pie r  me v.  t. a n t.  d  '  o n 
augmcv.it  e!  la  stabiln.  o  »  .»  pilotage  manuel,  on 
pa  r  t.  i  c  u  1  i  e  t  do  s  s  t  a  b  ills  a  t.  o  u  r  s  de  1  ace  t.  po u  r 
1 e  mode  de  r  ou  iis  ho  1  1 anda i s .  On  pc ut  a  1 1 c  i 
plus  loin:  sur  u n  a  v i on  de  t r  an s po r  t  civil, 
on  dispose  mainienant  d ' i n f or  mat  ion s 
completes  sui  les  A  variables  representatives 
dc?  I'etat  de  1  'avion  (le  der.-ipage,  (*,  ou  le 
fa'  tour  oe  charge  lateral,  ny,  la  vitesse  do 


i  'assi et. 1 


pn>  ies  c, 
sort  oar 


OSt 


'<!  vecl.ou.c  d'etat 


controter  les  quat.  re  modes  1  at.  6r  aux  de 
1', avion  ( Lo  roulis  hollandals,  compose  do 
deux  modes  complexes  con  juguos,  on  giSndral 
re  lat  ivement  mal  amor  t.  1,  le  mode  de  roulis 
pur,  mode  real  assez  rapide,  ct  le  mode 
spiral,  mode  r£el  proche  de  0,  ot.  done  *  rfts 
lentement  convergent  on  divergent);  de  plus 
i.l  reste  certains  dog rd s  de  libert.e  pour 
qbrer  d'autres  ob  ject  I  fs  eoncernant:  le 
comportement  de  1 • avion  ou  i 'activity  dos 
gouvernes;  en  effet,  une  gouvernc  est  on 
thdorie  suff isante  pour  cont idler  autant  do 
modes  que  J.  'on  a  de  mesures  imiependant.es. 

Dif f6rent.es  methodes  de  .1 'automat igue 
lindaire  per  met.  tent  de  gdrer  ces  degres  tie 
liberty  sulvant  les  object.ifs  choisis: 

-  controle  optimal,  si  1‘on  veut.  minimiser 
un  cri.tere,  gdneralement  represent  at  i  f  d'un 
compromi  s  per  forma  nee/  c.o(lt , 

-  placement  de  structure  propre  (modes  et 
vecteurs  propres)  pour  moduler  1 ' impact  do 
certains  modes  sur  certaines  variables  d'etat 
ou  sur  ies  gouvernes,  etc... 

L, 1  augment ati on  de  stabilite  ainsi  obtenue 
ameliore  done  les  qualites  de  vol,  et 
contribue  aussi  A  la  securite  de  i'aviori:  sur 
une  perturbation  telle  que  rafale  ou  panne 
moteur,  une  stabilite  spirale  importante 
permettra  d'assurer  (dans  les  limites  des 
gouvernes  disponibles  evidemment)  que  i  ‘avion 
restera  stable,  meme  sans  reaction  du  pilote, 
ce  qui  n'est  pas  le  cas  sur  les  avions 
convent ionnel s . 

Blen  sur,  le  pilote  reste  rarement.  inact.il 
en.  commandes  da  vol  manuellos.  et  ie  pilotage 
constitue  un  autre  aspect  des  qualites  de 
vol,  relie  toutefois  au  precedent  oar  le  fait, 
qu'un  avion  stable  est  plus  facile  a  piloter. 
Les  commandes  de  vol  elect riques  dans  lour 
context©  de  calculateurs  (appelees  COVE  en 
abreqe)  permettent  de  reduire  notablement  la 
charge  de  travail  de  pilotage,  en  adoptant.  un 
pilotage  par  object.ifs,  rejoign.ant  Les 
concepts  de  pilotage  autom'atique  on  le  pilote 
representerait  la  "grande  boucle",  qui  gere 
les  object.ifs,  et  les  CDVE  la  "petite  boucle" 
qui  realise  ces  object  if s,  aver  une  reponse 
adaptee  a  la  grande  boucle. 

Four  augmenter  la  securite  et  le  confort  ae 
pilotage,  ii  est  interessant  d'introduire  des 
protections  cont re  les  sorties  potent i cl  la¬ 
ment  dangereuses  du  domaine  de  vol  normal.  Le 
principal  avantage  de  tels  dispositifs  esf  de 
permettre  au  pilote  d'agir  ties  rapidement.  et 
f ranchement ,  puisqu'il  salt  que  son  act.  ion  no 
risque  pas  de  m.ettre  son  avion  dans  une 
situation  critique. 

S'il  est  possible  de  modifier  ainsi  de  fagon 
importante  les  qualites  de  vol  d'un  avion,  on 
se  hourte  vite  a  different  types  de 
contraintos  limitant  les  degres  de  liberte 
effect its  dans  la  conception  des  lois  de 
P  i  1  c  t  a  g  e . 

La  premiere  contrainte  concerne  les  entrees 
des  iois  de  pilotage,  e'est-a-dire  les 
capteurs.  En  effet,  supposons  le  mouvemerit  de 
1 'avion  bien  identifie,  et  mndelise  pat 
exemple  par  une  equation  di  f  f  e  ren  t.  i  e  1  1  e  uu 
t  ype : 

(dx/dt )  A ( x )  *  B ( u ) 


ou  x  -  ((J,  p| ,  r  i  ,  <*i  ]  1 

et.  u  (5p,8r.  )l  .  1  e  vecteur  des  commandes. 

Dans  ce  mode  lu,  la  inatrlce  A  represent*;  1h 
dynamiquo  de  .(‘avion,  et  '.a  mat  rice  D  la 
contribution  de s  gouvernes.  Elies  sent.  t. oul.es 
deux  fonct  ions  de  l'etat  complot  de  I'aviori 
(vitesse,  configuration  dos  beet  et  volets, 
altitude,  masse,  Insrties,  souplesse, 
etc:...)  .  Si  1  '  or.  en  conriait.  (par  des 
capteurs,  calculateurs,  ...)  les  par anet res 
princl.paux,  on  pout  realiser  une  loi.  ovoluee 
u-f  <x*,A*,B*>  ,  oil  x "  repr6sente  les  mesuroa 
ou  estimations  de  l'etat  x.  A*  et  B*  les 
estimations  de  A  et  Ij  en  fonct ion  des 
parametres  disponibles  et  de  la  puissance;  do 
caicuL  uti.lisable  dans  lc;s  CDVE. 

Mais  i  l  faut  tou  jours  cons  i.derer  les  pannes 
de  capteurs,  et  assurer,  la  securite  et  la 
pilot abilite  de  1.  ‘avion  dans  ces  cas,  en 
fonct ion  de  la  probabi life  d' occurrence, 
toiite  panne  non  ext remement  improbable  ne 
devant  pas  avoir  de  consequence  catast roph  1- 
que.  Cela  limite  done  La  difference  entro 
.1 'avion  muni  de  CDVE  en  f onctionnement 
normal,  ot  l'avion  dans  sa  configuration  la 
plus  -grade®,  plus  proche  de  l'avion 
"nati.  .  oi":  i.l.  faut  en  part icu .1.  ier  que  ie 
pilote  puisse  s  'adapter,  e'est-a-dire  que  les 
qualites  de  vol  no  soient  pas  trop  mauvaises. 
C'est  dire  qu’i.l  y  a  une  correlation 
importante  ent  e  1 ' architecture  dos  systemes 
(  redondances,  f iabilite,  . . . )  et  la 
possibility  de  realiser  des  lois  evoiuees. 

Le  meme  type  de  contrainte  t;  ient  aux 
possibilit.es  physiques  des  gouvernes.  II  est 
en  effet  intuit.if  que  plus  on  s'eloigne  das 
caracter  istiquos  de  l'avion  nature.!,  en 
par  cicul  ier  da as  le  sens  d'ameliorer  les 
amort  i  sserrent  s  et  temps  de  reponse,  plus  les 
gouvernes  sont  sollicitees.  Par  exemple  ,  si 
l'on  veut  acceierer  le  mode  de  roulis  pur,  11 
faudra  un  debattement  et  une  vitesso  de 
debattement  plus  important s ,  et  l'on 
amplifier?  res  hautes  frequences.  Fig  1  et  2 
montront  1 'effet  d'un  mode  do  roulis  pur 
acceiere  de  50%  (  les  aucrcs  modes  restant 
inchange  )  sur  un  avion  de  type  A320: 
i 'entree  est  un  creneau  de  manche  de  b°/s  de 
vitosse  de  roulis  commanded.  On  voit  sur  la 
figure  1  un  depassement.  d' environ  30%  do  la 
commando  en  roulis  "acceLereo"  par  rapport  a 
ia  "noir  inale",  tandi  que  la  figure  2  mont.ro 
I ‘effet  sur  la  vitosse  de  rou.lis  (p)  ,  le 
derapago  restant  nu]  dans  les  deux  cas. 
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fig .  4 


On  est  done  limits  dans  lea  modifications 
des  qualites  de  vol  par  rapport  A  1 ‘avion 
nature!  par  les  earn  :ter i st iques  des 
gouverneu  et  servoeornmar.des  (braqu,r,ges 
maximaux,  vitesses  maximales  de  braquages, 
fat igue ,  etc  ... )  . 

tin  plus  des  limites  dQes  aux  gouvernes 
proprement  dites,  11  existe  des  contraintes 
resultant  de  leur  interaction  avec  la  cellule 
ae  I1 avion,  e'est-a-dire  le  contort  des 
passaqers,  le  fiottement,  ou  les  charges: 
contra irement  a  un  avion  convent ionnel ,  les 
lois  de  pilotage  d'un  avion  muni  de  CDVF, 
peuvent  modifier  cos  earacterist.iques . 

Pai  exompie,  ure  pulsation  du  roulis 
hollar.dais  trop  augmentee  par  rapport  a 
1 'avion  naturel  peut  avoir  tendance  a 
augmenter  l’effet  en  facet  d'une  rafale  de 
vent  lateral,  done  nuire  au  confort  (ou 
1  '  anfcliorer 1  ,  en  particuiier  au  niveau  des 
passaqers  situo?  a  i'arriere  de  l'appareii. 
Cette  modification  risque  aussi  de  modifier 
les  calculs  de  charge  sur  la  derive.  Les 
figures  3  et  4  montrent  l'effet  d'une  telle 
modification  du  roulis  hollandais  sur  ia 
reponse  a  une  condition  .in.itiale  en  derapaue 
(5°) ,  representant  un  crcneau  de  vent 
lateral.  C'n  voit.  sur  la  figure  3  que  la 
commando  "acceleree"  de  la  gouverne  de 
direction  part  dans  le  sens  oppose  a  ia 
commande  nominale,  e’est-a-dire  qu'eile  a 
tendance  a  amplifier  .1  e  mouvement  de  iacel  en 
mett.ant  de  la  gouverne  vers  la  droits  pour  un 
derapage  qui  vient  de  la  droite;  par  centre 
le  derapage  (figure  1)  revfent  alors  plus 
v  i  t  e  a  0 . 


Nous  a vo n s  aussi  men 1 1  on n. 6  des  contraintes 
hurralnes  dans  la  conception  des  Lois  de 
pilotage:  il  s'agit,  assent iei .lement  des 
besoins  des  ut i 1 isatours ,  e'est-a-dire  des 
pilot es ,  qui.  ont  ceutaines  habitudes  de 
pilotages  bien  ancrees,  et  adapt^es  au 
P'ilotage  de  la  plupart.  des  avions,  car 
fonddes  sur  des  sensations  ou  des  visualisa¬ 
tions.  IJ  faut  d*  autre  part  que  les  qualites 
de  vol  (temps  de  reponse, .. .)  soient 
compatibles  avec  ie  comportement  qu 'attend  le 
pilote.  afin  d'eviter  des  phenomenon  de 
pompage  pilote  (PIO)  qu peuvent.  etre 
dar.gereux  a  1 '  approche  du  sol;  enfin,  11  faut. 
donner  au  pilote  la  possibility  de  maitriser 
les  pannes  de  systernes  amenant  une 
degradation  des  qualites  de  vol. 

Li  de  nombreuses  etudes  theoriques  ont  ete 
meiiees  sur  les  criteres  de  qualites  de  vol, 
of  sur  la  sensibilite  d'un  avion  au  PIO,  i 1 
convient  de  mentionner  ici  le  role  essentiei 
joue  par  les  essais  au  simulateur,  puis  cn 
vol,  et  la  necessity  de  disposer  de  moyens 
pour  adapter  les  lois  de  pilotage  en  fonction 
des  appreciations  des  piiotes. 

Enfin,  les  autorit.es  de  certification 
imposent  certaines  contraintes:  lour 
exigences  vont  en  general  dans  Le  sens  de  la 
security  et  d'une  bonne  manoeuvrability,*  a.ins.1 
en  lateral,  il  faut  esserit ieiiement  demontrer 
des  taux  de  roulis  nunirr.aux,  et  une  bonne 
resistance  aux  pannes  mot.eur  (s)  . 

IT.  Experience  do  J'-T32C. 

a)  Architecture 


L'  architecture  des  commandos  de  uo., 
e  .ectriques  de  1 'A320,  schomat  see  figure  b, 
est  ia  suiva.ite:  sur  l'axo  de  roulis,  les 
El. AC  ( f.  i,e vsl  or  r  and  Ailerons  Computer, 
recoi vent  Its  Informations  anemomet r iques, 
i nert ie 1 les ,  etc.  necessaries  a  1 ' e labor  at i on 
des  lois  de  pilotage,  qui  sont.  done  caicuiees 
dans  les  E 1  .AC  (en  tc.ictionr.ement  normal)  , 
Ceux-ci  elaboreit  a in  si  les  ordres  pour 
toutes  les  gouvernes,  et  asservissent  Jes 
qouvernes  d'ailerons.  Les  SF.C  (Spoilers  and 
Elevators  Computer)  real isent 
J  ' asser vissement  des  spoilers  aux  ordres 
issus  de?  ELAC. 


Sur  l'axe  de  1  act-i , 
A  u  g  me  mat  ion  Computer 
l'ordri:  des  ELAC  pour 
so r v .occimmunbi!  de  "Yaw 


les  FAC  (Flight 
,  resolvent  aussi 
commander  la 
Damper  Act  u..l  or  " , 


qu  i 


Jk 


viont  a  '  *  )  outer  au  braquaqe  commando 
mhc.  niquement  par  le  palonnier,  et.  6  leot.r  i 
quemenl.  par  1«  trim.  <1. 'ordro  total  est 
ei  suite  limits  par  une  hut.ee  mhcaniquo 
fo net.  ion  dfc  la  vitesse  do  !' avion,  ay  in  do 
limiter  lea  charges  sur  la  derive).  Alnsi 
tout.es  lea  qouvernes.  sont  ocUivablos 
hi ect r i quement  par  des  caleulateurs 
numhriques  (dont  le  role  p 'eat  pas  1 i  m  i.  6  aux 
functions  prhsonthes  lei)  . 


fig.  5:  schema  simplifih  des  CDVE 
lathrales  de  l’A320. 


Le3  organea  de  pilotage  sont  done  le  mini  - 
rranche  et  le  palonnier,  munis  de  capteura 
hlectriques  de  position.  Le  mini-.ranche  n'a 
aucune  liaison  mhcanjque  avec  les  gouverr.es, 
coritrairement  A  la  gouverne  de  direction  qui 
rest.e  disponibie  en  dernier  secouxs  (perte 
totale  de  la  g<6n6ration  hlectrique) . 


fig.  (i:  schema  aimplif ie  do  PFD  de 
1 ‘A320. 


La  vi  sua  1 .1  sat  I  on  assoc  i  ha  an  pilotage  out 
ussont  t  o  I  1  emonl  const.  Ituho  du  LED  (primary 
Plight.  01  iplayl  ,  qui  raimeinblo  lor.  pa:  amht  t  e<, 
prtroajres  du  vol,  dont  court  qui  noun 
Lnthr  osserit.  pour  lo  pilotage  I  at  Aral  do 
l  • A320:  1  'ass  let.te  lathrale,  le  dhrapaqo,  ot 
aus s.l  1  e  cap :  fig.  li . 

I.1  arch  Itecturo  des  CDVE  dos  !  '  A  t C 0  ost.  done 
prdvue  pour  reaiiser  ons  Sols  do  pilotage 
lateral  (el.  longitudinal)  "6  vo ).  ehes 11 ,  dont 
nous  al  Ions  detail  lor.  lea  object!  ts,  et  la 
manlhro  dom.  onl.  6".  6  tra  ither.  certainos 
contraintes  . 

b)  Ob  Sect,  its  et  cont  raint.es  . 

<Vu  niveau  stabilltd,  11  s'aqissjit.  d '  amort:  ir 
le  roulis  hoi  lar. dais  (avec  un  f  act. our. 
d 'amort i  ssoi.mnt  £>0.6  a  lot's  gue  celui  de 
1  'avion  nature!  est  en  general  £<0.2)  en 
nonservant  sensiblement  La  ir.ome  pulsation,  de 
gar  dor  le  mode  de  roulis  pur  proche  de  celui 
de  l  'avion  nature!,  et  d '  augnienter  net. ternent. 
la  stabil  ith  spi  rale .  On  rest.e  alnsi 
re  1  at  i  vemerit  proche  des  modes  do  1 'avion 
nature  1  lorsqu'iis  sont  compatibles  avec  nos 
objectifs,  af  in  d'eviter  line  act  i  vite  des 
qouvernes  trop  import  ante,  ou  un  chanqc.ment 
de  pilotage  trop  radical  or.  cas  de  panne. Co 
placement  des  modes  de  1 • avion  avee  COVE  on 
assure  la  stabilite  sur  panne  motcur  ou  aut..e 
dlssynht rie  ralsonriable . 

l,es  degres  de  liber  te  rest  ant  ont.  etc 
utilises  pour  decoupler  1  •  assiette  iatera.ie  (Ji 
et  le  derapage  (5  c‘est-a-dire  fai.re  en  sort® 
on  part iculier  qu'un  derapage  soudain,  dO  a 
une  rafale  par  example,  tree  peu  de  roulis 
induit  (pour  a.i.el  lorer  le  contort.),  et  que  le 
roulis  hoi  landais  rie  sort  pas  perceptible  sur 
l'assiette  lateral®  (  pour  bvltor  depassement 
et.  t  lot  turnout  dans  la  prise  U'a-s.ette)  . 

Une  fo  i  s  la  stabilite  spe I  f  i  eo,  il  rcste  a 
fixer  Jes  object  if s  de  pilotage;  sur  un  avion 
convent ionne  1  (a  "cables"),  if?  manche 
commando  une  mi so  en  vj i age,  dont  la 
coordination  est  assure*;  par  le  pied.  Pour 
quo  l'A320  rest.e  coherent  avec  ce 
comportement  ,  tout  en  reduisant.  la  charge  de 
travail  du  pi.  lore,  ).e  braquage  du  manche  est 
i  r  atis  for  me  en  une  commando  de  vitesse  de 
roulis,  mais  a  derapage  nut,  e'est -a-diro 
une  rnj.se  en  virago  cootdonne . 

Quant itativement ,  la  reponse  (en  pj)  de 
['avion  doit  et.  re  semblable  A  un  lGr  ordre, 
de  constant e  de  temps  cor respondant  au  mode 
de  roulis  pur,  pour  i.ri  pilotage  precis  et. 
disposant  d' une  bonne  marge  vis-a-vis  du  I’ 10. 
Ainsi  on  obtient  en  fait  une  stabilite 
spi rale  import ante  sur  perturbation,  et 
parfaitement  riulle  au  regard  du  pi  lot  ante 
(assiette  constantc  mariche  au  neutre)  . 

Quant  au  palonnier,  11  comrnande  du  derapage, 
plus  ur.e  iegere  assiette  de  roulis  induit, 
qui  a  et.e  demanded.  par  les  pilot.es  pour 
rettouver  un  comport,  enent  plus  convent  ionne  1 
qu'un  derapage  obtenu  lr-s  ailes  parfaitement. 

A  plat.  La  principals  contrainte  dans  la 
c.ommande  en  lacet  etait  de  permettre  re 
centre  de  la  panne  moteur,  en  part i cul  ler  a 
basso  vitesse,  et  lo  deer a be  par  fort  vent  de 


><•  I  t  urbut  i  (ins,  P  P  -  1:1. 


Alnst  on  f.-.rot:  >onn«m«nt  normal  ,  jo  pilot  10 
e.H.  effect. u6  au  Manche  seul,  o t  par 
Impulsions  pul  s  pjo  1 'avion  rest*.;  equ i 1 ' br o 
manche  a u  nmit.ro 

Los  protections  tin  domain-;  do  vol  Kit  oral 
sur  1 'A320  so  1  im  It.  on  I.  on  fait  A  uno 
protection  on  a33.tet.te  lac^ra to,  qu  i  ost 
irt roduite  do  la  nan  16 re  suiva.tto:  pour 
l4»j  |€  1  33°,  66°)  ,  une  stabi.IJ.t6  spi. rale  «st. 
rbfabl  le  do  manl6re  A  ce  quo  1* avion  revienne 
A  3  3“  d'assiette  manche  au  neufre,  ot.  quo 
(•lein  manche  il  at  t.eigne  La  limit©  f  i  x.Ae  a 
66";  cent  correspond,  en  virago  stabilise,  A 
tin  faclciur  do  charge  de  2.5  g  coherent  avec 
!o:{  protections  du  domai.no  de  voi  longitudi¬ 
nal  en  facteur  de  charge,  et  permot.  de 
prot.6ger  1  'avion  contre  la  vrille. 

Copendant,  du  tf.it  que  la  position  des 
gouverr.es  de  rouiis  n'est  pas  proport ionnei  It? 
a  la  position  du  manche,  il  a  6t6  n6cessaire 
d 'aider  le  pilote  en  cas  de  panne  moteur  au 
decollage,  oC:  1 'object if  de  performance  se 
traduit  par  des  gouvernes  alaires  non 
braquoes  (surtout  les  spoilers).  On  disposi- 
t'.if  automatique  de  remise  A  zero  de  ces 
surfaces  par  le  trim  de  direction  a  cap 
constant  a  etc;  teste,  ma.is  peu  apprecie  des 
pilotes,  car  i.l  interlerait  trop  avec  leur 
propre  reaction.  Un  object  if  de  derapage  a 
done  ete  vi.sual.is6  sur  le  PFD,  !e  "P  target", 
qui  permet  au  pilots  de  rejoindre  ces 
performances  optima les,  par  une  action  au 
pied  instinctive  ( le  pied  chasse  la  bille1 
annula.it  le  derapage  visualise  sur  ie  PE'b 
(dbrapage  ciecale  du  fi  target)  . 

c)  Realisation, 

La  realisation  ue  ces  objectifs  ,  en 
utillsarit  les  techniques  maintenant 
ciassiques  de  1 ' automat ique  multivariable 
(techniques  de  placement  o.es  modes  pour  .!•. 
eontrole  de  la  stabilite,  et  des  vecteurs 
propres  pot  r  le  decouplage  <b / P )  ,  nous  dome 
une  loi.  avec  un  interaction  complete  entre 
les  deux  axes  de  rouiis  et.  c.e  lacet  (fig.  7)  . 

Les  objectifs  de  stabilite  sont.  realises  par 
les  gains  de  retour  Kret  en  P*,  p,  r,  et  »{>. 
oil  P*  est  une  estimation  du  derapage  fondeo 
sur  la  measure  de  1  ' accelerat. ion  laterale  ny, 
ef  la  connaissance  a  priori,  de  i 'equation  des 
forces  lat6ralcs.  La  mat  rice  Kret  est  de 
dimension  2x4  et  se  dedult  entieremenv.  et  de 
man.lire  unique  des  objectifs  de  placement  des 
poles  et  de  d6couplage  4>/P.  ce  qui  a  faci life 
les  ajuste-ments  tendus  necessaires  apres 
essais  pilotes  au  simulateur,  ou 
identification  apres  essais  en  vol .  Cette 
mat  rice  depend  du  cas  de  vol,  est ime  par  la 
vitesse  conventionnel ) e  (Vc)  ef  la 
configuration  des  bees  et  volets  (cont) . 

Ouant  aux  objectifs  de  pilotage,  la  vitesse 
de  rouiis  commandee  par  le  manche  est 
trans£otm6e  en  consigne  d'assiette  apres 
integration  (})  ct  un  gain  direct  d'avance  de 
phase  (K),  dont  ie  role  est  d'accelerer  la 
reponse  de  1 'avion  sur  un  ordre  pilote,  en 
particulier  cn  compensant  re  mode  spiral.  Le 
palonnier  commando  du  derapage  et  une 
asslette  laterale  (<SC«»-  [}C)  .  La  matrice  de 
prbcommanole  Kp  permet  tie  reliar  ces  consiqnes 
A  1* avion  stabilise  par  Les  gains  de  retour: 
el)e  est  cal c;  16e  pour  obtenir,  en  regime 


:  ’  .ill  1  1  l  st'>  el.  ho r  s  [ 

liors  protect.,  ion,  il  n  1  y  a  pas  d  '  !  at  igrat  eur 
de  precision,  pu.isque  les  variables  }JC  et  <j>c: 
ne  son',  pas  accessible  au  pilote.  Car  contre, 
or  mode  de  protection,  c ' < s I • A -d l " o  pour 

It  i  ’  V,  66''; ,  ]  •  intbqrat.eur  se  transforms 

it  inli  ira'.eur  de  precision  pour  assurer 
4>l  3.3“  manche  neutre  et  0i“6t/'  plain  manche, 
ii.  forme  de  protection  etant  for  cv  ion  du  <[>q 
me sure . 


protect  ion 


fig.  7:  structure  de  ,1a  loi  lateral© 


Cette  structure  a  permis  de  realiser  les 
objectifs  fixes,  comme  le  montrent  les 
resultats  d'essais  en  vol  retranscris  sur  les 
planches  1  A  4 . 

La  premiere  planche  montre  la  reponse  de 
1  'avion  a  des  cre.neaux  de  manche  lateral.  Le 
So  represents  1' ore  re  global  de  rouiis  (avant 
distribution  aux  gcuvernes  alaires),  qui  suit 
a  peu  >res  1' ordre  manche  sans  trop  de 
depass  -ament .  La  direction  assure 
automar iquement  la  coordination  de  virago  et 
1 ‘ amort issement  du  rouiis  hollandais,  alors 
que  le  palonnier  n'est  pas  sollicitb.  La 
vitesre  de  rouiis  reagit  bien  comme  un  ler 
ordre,  ce  qui  se  traduit  par  une  assiette 
rejoignant  la  consigne  sans  depassement.  (on 
remarque  l'avance  de  phase  p re sente  sur  la 
consigne  <J)C ,  assurant  un  bon  temps  de  reponse 
-mi  rouiis),  tandis  que  ie  derapage  restc  tres 
1  a  i.  b  1  e . 

La  deuxieme  planche  montre  la  reponse  de 
i’avion  a  une  soli  icitat.  ion  au  palonnier:  la 
gouverne  de  direction  suit  la  commando  avec 
toutefois  un  ordre  de  stabilisation 
superpose,  tandis  que  la  commande  on  rouiis 
agit  immediatement.  pour  contrer  la  majeure 
partie  du  rouiis  induit  pa:  la  direction; 
l'avion  se  stabilise  alors  a  un  derapage 
d'e.nviron  6°  avec  une  assiette  laterale 
d 'environ  -3°.  Sur  un  avion  convent ionnel , 
cette  manoeuvre  amenerait  vice  1 'assiette  a 
diverger . 

La  troisieme  planche  montre  la  limitation  en 
rouiis,  active  a  partir  de  33°:  le  manche  est 
cont  inGment  braque  a  droite  (d'eriviron  12°) 
et  1' assiette  se  stabilise  a  50",  a  derapage 
tou jours  nul. 


La  dorniifire  planche  montre  I'effot  d'une 
panne  motour:  les  vit.ossea  do  lacet.  el-  de 
roulis  commencent  A  d^rivor  dials  sonl. 
contr^es  par  lea  braquages  automat, iques  de  la 
direction  et  das  surfaces  de  roulis,  qui 
aboutirait  4  un  6tat.  stable  si  le  pi.j.ote  no 
rhagissait  pas  au  manche  pour  replacer 
.1. 'avion  dans  une  trajectoire  A  cap  constant, 
tou jours  sans  toucher  au  palonnier.  Le 
dj.sposit.if  automatique  (abandoned  par  la 
suite),  ram^ne  ensuite  i'ordre  de  roulis  a 
zero  en  braquant  progressi vement  la  direction 
par  Ie  trim,  tout,  en  restant  A  cap  constant. 

Finalement,  les  objectifs  fixbs  et  leur 
realisation  ont.  6t4  vaiid^s  apr6s  de  nombreux 
essais  au  simulateur  et  en  vol,  et  seront 
reconduits  sur  les  prochains  Airbus  (A330  et 
A340) .  En  effet,  la  stability  ainsi  obtenue 
est  bonne,  le  pilotage  simple  (pilotage 
principalement  au  manche  par  impulsions),  et 
la  protection  en  assiette  lat^rale  efficace. 


III.  Perspectives. 

Sur  1 1 A 3 2 0 ,  les  lois  de  pilotage  implant.ees 
dans  les  calculateurs  de  CDVE  ont  pleine 
autoritfe  sur  les  gouvernes,  et  peuvent  done 
contrer,  par  leurs  protections  en 
particulier,  un  ordre  du  pilote  qui  amenerait 
l'avion  dans  une  situation  potent  ie  1 '.ement 
dangereuse.  Ceci  impllque  done,  en 
particulier,  d'^laborer  ces  iois  a  partir 
d ' in  format  ions  sures,  c'est-4-dire  provenant 
d'au  moi.ns  deux  sources  concordantes .  Avec 
une  redondance  suffisante  des  calculateurs  de 
CDVE,  la  disponibilite  des  iois  evoiu^es 
repose  done  surtout  sur  celle  des  capteurs: 
les  A3 20  disposent  de  trois  centrales 
ADC/IRS,  mais  si  une  ADC  tombe  en  panne,  ou 
6tait  en  panne  en  cas  de  depart  sous  MMEL 
(Master  Minimum  Equipment  List),  ces  lois 
sont  a  la  merci  d'un  disaccord  e.ntre  les  deux 
ADC  restar.tes,  auquel  cas  les  lois  dites 
"normales"  sont  reconf igurees  en  iois 
simplifies,  c'est-4-dire  loi  directe  en 
roulis  (braquages  des  gcuvernes  alaires 
proporticinnels  au  manche)  et  commande 
mecanique  de  ia  direction,  avec  toutefors  un 
stabi li sateur  de  lacet  a  autorite  lj.mitee  si 
une  IRS  est  disponible. 

Une  meilleure  disponibilite  des  lois 
evoluees,  n£cessaire  si  1 ‘ on  veut  eiargir 
leur  pcssibilit.es  d'action,  suppose  done  une 
meilleure  disponibilite  des  systemes 
embarqu^s  et  surtout  sur  une  redondance 
blev^e  sur  les  mesures,  redondance  soit 
mat6rie.lle  (et  ondreuses,  surtout  proport ion- 
nellement  sur  les  petits  avions),  soit 
analytique.  Par  redondance  analytique,  on 
entend  en  general  reconstitution  d'une 
variable  par  un  estimateur,  for.de  sur  des 
capteurs  ne  mesurant  pas  directement  la 
variable,  et  sur  la  prediction  du 
comportement  de  l'avion.  Ainsi  un  meme 
capteur  peut  etre  art i f iciel lement 
d^multiplie  pour  fournir  plusieurs 
informations,  et,  a  nombre  de  capteurs 
equivalent,  am^liorer  la  disponibilite  de 
lots  ^volumes. 

Ceci  est  deja  utilise  sur  l'A.320  sur  1  '  axe 
longitudinal :  lorsqu'ii  ne  rest"  plus  qu'une 
IRS,  la  vitesse  de  tangage  qui  en  est  issue 
est  utilisbe  pour  estimer  le  facteur  de 


charge  normal  .1  ia  r  ra  ject.  o  i  ro,  ustimat  Ion 
compa r *W>  aux  mesures  accblerombt. rlques 
disponib.'es  (capteurs  specifjques  peu 
o.nfbreux)  afln  de  validor  petite  IRS. 

De  man  i.bre  generate,  on  tend  a  rendre  les 
Lois  de  pilotage  toLerantes  aux  pannes  (voir 
les  rio.nbreux  articles  sur  l'e  sujet.  dans  les 
publications),  une  methode  btant  de  rendre 
les  surveillances  des  capteurs  plus 
i ntel 1 igentos  on  tenant  compte  de  la 
connaissance  de  la  dynamique  de  L'avion,  pour 
e’.  iminer  les  sources  incoherentes . 

Ceci  conduit,  done  a  considerer  ies  Iois  do 
pilotage  des  CDVE  de  plus  en  plus  tot  cians  le 
dimenslonnement  cj  '  un  avion.  Ii  n  'est  qu  '  a 
prendre  l'exempie  des  avions  militaires  qui 
sont  naturellement.  instabi.es  (ce  qui  n'est 
pas  le  caa  des  avions  de  transport  civil, 
actueis!),  et  qui  comptent  sur  les  CDVE  pour 
etre  pilotables.  Plus  raisonnablement,  sur 
les  avions  de  transport  c!vi] ,  : 1  est 

possible  de  relacher,  par  exempie,  les 
exigences  d ' amort issement  du  roulis 
holiandais  nature!,  pour  benef icier  de  gains 
de  masse  sur  la  derive  au  prix  de  qtel.que(s) 
gyrometre(s)  de  lacet  supp.!  rmentaires  pour 
assurer  la  fonction  de  stabilisation  de  ce 
mode . 

De  meme,  ies  charges  induites  sur  la 
structure  par  les  gouvernes  sont  dependa.ntes 
des  lois  de  pilotage,  qui  peuvent  les 
augmenter,  mais  aussi  les  diminuer:  il  existe 
sur  A320  une  fonct.ion  LAF  (Load  Alleviation 
Function)  pour  reduire  les  charges  sur  la 
voilure  en  rafale  verticale  par  braquage 
automatique  des  spoilers;  sur  A340,  un 
disposj.tif  MLA  (Manoeuvre  Load  Alleviation) 
permettra  de  reduire  le  moment  de  flexion  a 
1  '  emp’lanture  des  ailes  par  braquage  des 
ailerons  et  spoilers  externes  lorsque  le 
facteur  de  charge  mesure  depasse  2  g. 

Des  etudes  sont  aussi  en  cours  (sur  les 
A3110/A330)  pour  evaluer  un  amortissement  de 
certains  modes  structuraux  basse  frequence  en 
utilisant  la  gouverne  de  direction  par 
i ' i ntermediaire  des  CDVE,  couplees  a  un 
capteur  acceierometrique  sir.ue  a  l'arriere  de 
1  1  appa  rei  1 . 

En  outre,  les  protections  du  domaine  de  vol 
devraient  permettre  de  justifier  une 
reduction  le  domaine  de  dimensionnement  de  la 
structure,  ce  qui  equivaut  generalement  a  un 
gain  de  masse...  Pour  le  mouvemenl  lateral 
oar  exempie,  on  peut  imaginer  une  protection 
en  derapage  afin  de  reduire  les  charges 
maximales  sur  la  derive. 

Inversement,  si  les  objectifs  de  qualites  de 
vol  ameliorees  sont  prior itaires,  ie 
dimerisionnerne-it  de  la  cellule,  des 
ser vocommandes ,  etc...  devra  ten.ir  compte  des 
lois  de  pilotage. 

ua  difficult^  essentielie  devient  done  la 
coordination,  c ' est -a-di re  ra  determination 
de  priorites  ent re  tous  les  objectifs  et 
contrainr.es  de  domaines  tradition  n  el  lement 
reiat.i  vement  independants,  au  moms  au  stade 
de  la  conception:  les  qualites  de  vol.  les 
performances,  les  sysi.  ernes,  et  les  s(  reel  ures 
(sans  oublier  les  conr. ra i r: te s  do  cout  et  de 
maintenance)  . 
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ABSTRACT 

At  the  1989  AIAA  Atmospheric  Flight 
Mechanics  Conference,  participants  in 
the  Flying  Qualities  Workshop  engaged  in 
a  lively  discussion  regarding  the 
content  and  application  of  the  military 
flying  qualities  specification.  As  a 
result  of  this  and  other  discussions  it 
has  become  apparent  that,  despite  many 
years  of  experience,  some  confusion 
still  exists  concerning  the  nature, 
purpose,  and  application  of  the  flying 
qualities  specification. 

Much  of  this  confusion  stems  from 
the  form  of  the  requirements  themselves. 
A  question  frequently  raised  is  whether 
flying  qualities  e  pilot-oriented 
properties  or  whether  they  are  the 
parameters  defined  in  the  requirements 
of  the  flying  qualities  specification 
This  question  arises  from  the  fact  that 
most  of  the  objective  criteria  in  the 
specification  are  noc  closed-loop 
(pilot-in-the-loop)  performance  criteria 
or  pilot  acceptance  criteria,  tut  rather 
are  criteria  on  open-loop 

(pilot-out.-of-the-loop)  characteristics 
of  the  augmented  aircraft .  Another 
source  of  confusion  concerns  the  role  of 
the  specification  itself:  is  it  only  a 
contractual  document,  or  is  it  also  a 
design  guide?  If  the  latter,  is  it 
equally  effective  in  both  roles? 
Consideration  of  the  above  questions 
leads  to  yet  another.  If  the 

specification  is  intended  as  a  design 
guide  and  the  criteria  are  open- loop 
properties  instead  of  closed-loop 


properties,  which  is  more  important: 
pilot  satisfaction  with  closed-loop 
performance  or  compliance  with  the 
open-loop  requirements? 

In  this  paper  the  authors  will 
address  these  questions  by  reviewing  the 
background  of  the  United  States  military 
flying  qualities  specifications.  They 
will  discuss  the  advantages  and 
disadvantages  of  different  types  of 
requirements.  Finally  they  will 
describe  the  way  the  specification  is 
used  by  the  USAF  Aeronautical  Systems 
Division  program  offices,  for  whom, 
among  others,  the  flying  qualities 
specification  is  intended. 

BACKGROUND 

The  current  version  of  the  flying 
qualities  specification  is 
MIL-STD  -1797A,  "Flying  Qualities  of 
Piloted  Aircraft",  published  in  January 
1990  (Reference  1)  .  This  is  the 
tri-service  version  of  MIL-STD-1797, 
which  was  first  published  in  March  1987 
as  an  Air  Force  specification  (Reference 
2)  .  The  MIL-STD-1797  series  is  the 
successor  to  the  MIL-F-8785  series,  the 
last  revision  of  which  was  MIL-F-6785C 
(Reference  3)  .  Though  there  are  a  few 
new  requirements  and  some  modifications 
to  old  ones,  MIL-STD-.1797A  is  primarily 
a  remodelling  of  MIL-F-8785C  into  a 
Mil-Prime  standard  and  handbook  format . 
The  standard  is  meant  to  be  a  framework 
for  a  specification  that  a  procuring 
agency  can  tailor  to  each  individual 
procurement.  The  quantitative  and 
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qualitative  values  of  most  of  the 
requirements  contained  in  the  standard 
have  been  left  blank.  These  blanks  ^'re 
to  be  filled  in  by  the  procuring  agency 
when  writing  a  specification  for  a 
particular  program.  The  handbook  is 
Appendix  A  of  MIL-STD-1797  and  actually 
comprises  the  greater  part  of  the 
document.  The  handbook  proviaes  the 
procuring  agency  with  guidance  to  fill 
in  the  blanks  in  the  standard  with 
appropriate  criteria,  and  lessons 
learned  from  previous  experience. 

TYPES  OF  REQUIREMENTS 

A  survey  of  the  system 
requirements  of  MIL-STD-1797  suggests 
that  they  may  be  divided  into  four 
different  types.  The  first  type  is  a 
Descriptive  requirement.  This  type  does 
not  place  any  requirements  on  the 
aircraft.  It  requires  the  contractor 
(or  sometimes  the  procurement  agency)  to 
define  or  describe  certain  aspects  of 
the  aircraft.  Examples  of  this  type  of 
requirement  are  4.1.1  Loadings,  which 
requires  the  contractor  to  define  the 
c.g.  envelopes  and  corresponding 
weights,  and  4. 1.4. 2  Service  Flight 
Envelopes,  which  requires  the  contractor 
to  define  the  Service  Flight  Envelopes 
for  each  Aircraft  Normal  State .  Table  I 
shows  those  paragraphs  of  MIL-STD-1797 
which  consist  predominately  of 
Descriptive  requirements. 

The  second  type  of  requirement  are 
upper-level  requirements.  We  will  call 
these  Primary  requirements.  This  type 
places  requirements  on  the  aircraft  but 
only  through  lower-level  requirements. 
For  example,  4. 1.6.1  Allowable  Levels 
for  Aircraft  Normal  States  requires  that 
flying  qualities  for  Aircraft  Normal 
States  within  the  Operational  Flight 
Envelope  be  Level  1 .  Obviously  this  is 
a  requirement  on  the  aircraft,  but  it 
does  not  define  the  constraints  of  Level 
1.  That  is  left  to  lower-level 
requirements.  Table  II  lists  those 
paragraphs  of  MIL-STD-1797  which  consist 
predominately  of  Primary  requirements. 

The  lower-level  requirements  can 


he  divided  into  two  more  types.  The 
first  type  is  a  Subjective  requirement. 
This  type  of  requirement  is  qualitative 
in  nature  and  thus  open  to  different 
semantic  interpretations.  A  good 
example  of  this  is  4  1.11.2  Release  of 
stores  which  requires  that  the 
"intentional  release  or  ejection  of  any 
stores  shall  not  result  in  objectionable 
flight  characteristics  or  impair 
tactical  effectiveness  of  Levels  1  and 
2".  Obviously  the  question  of  whether  a 
particular  characteristic  is 
"objectionable"  or  not  would  be  open  to 
interpretation . 

The  other  type  of  lower-level 
requirement  is  an  Objective  requirement. 
This  is  a  quantitative  requirement  and 
thus  less  subject  to  different 
interpretations.  One  example  of  this  is 
the  first  part  of  4. 2. 1.1  Long- term 
pitch  response  which  requires  that  any 
oscillation  (in  the  pitch  response  to  a 
step  input)  with  a  period  of  lb  seconds 
or  longer  shall  have  an  equivalent 
damping  ratio  greater  than  0.04  for 
Level  1,  a  damping  ratio  greater  than 
0.0  for  Level  2,  and  a  time  to  double 
amplitude  greater  than  or  equal  to  55 
seconds  for  Level  3 . 

Figure  1  shows  the  proportion  of 
each  of  these  types  of  requirements  in 
MIL-STD-1797.  The  Objective 
requirements  constitute  about  85%  of  the 
requirements  in  the  standard.  The 
Subjective  requirements  constitute  less 
than  10%  of  the  total  number  of 
requirements.  The  Descriptive  and 
Primary  requirements  constitute 
somewhere  between  3%  and  4%  each. 

Examination  of  the  lower  level 
requirements  reveals  that  they  may  be 
divided  in  another  way.  This  second 
approach  depends  on  whether  the 
xequirement  applies  with  the  pilot  in  or 
out  of  the  control  loop.  The  first  type 
places  requirements  on  the 
characteristics  of  the  aircraft  without 
the  pilot .  We  will  call  these  Open-Loop 
requirements  because  the  outer  control 
loop,  the  one  with  the  pilot  acting  to 
control  the  aircraft,  is  open.  An 
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example  of  this  is  4. 2. 1.1  cited  above. 

Another  type  of  requirement,  under 
this  approach  is  one  that  applies  to  the 
behavior  of  the  pilot-aircraft 
combination.  We  will  call  this  a 
Closed-Loop  requirement .  This  type 
requires  the  pilot  to  perform  some  task 
or  maneuver  in  order  to  determine 
compliance.  However,  for  some 

requirements,  4.1.8  Dangerous _ flight 

conditions,  for  example,  the  pilot  does 
not  necessarily  have  to  evaluate  the 
actual  aircraft .  Sometimes  a  piloted 
evaluation  of  an  accurate  simulation  is 
sufficient  to  show  compliance. 

A  thi rd  type  of  requirement  under 
this  system  of  classification  is  one 
that  applies  to  the  closed-loop  response 
with  a  pilot  model  closing  the  loop. 
This  eype  places  requirements  on  either 
the  performance  of  the  closed-loop 
system  with  a  given  pilot  model,  or  on 
the  characteristics  of  the  pilot  model 
in  order  for  the  closed-loop  system  to 
achieve  a  given  level  of  performance. 
Only  one  paragraph  in  MIL-STD-1797 
contains  requirements  of  this  type: 
Alternative  E.  of  4. 2. 1.2  Short-term 
pitch  response.  This  is  a  modified 
Neal-Smith  criteria  which  places 
requirements  on  the  pitch  tracking 
performance  of  the  closed-loop  system 
with  a  given  form  of  pilot  model. 

Figure  2  shows  the  proportion  of 
lower  level  requirements  that  fall  into 
each  cacegory  of  requirement  type. 
Almost  79*  of  the  lower-level 
requirements  are  of  the  Objective, 
Open- Loop  type.  About  12*  are  the 
Objective,  Closed-Loop  type.  The 
Subjective,  Closed-Loop  and  Subjective, 
Open-Loop  types  constitute  about  8%  and 
1%,  respectively,  of  the  lower-level 
requirements.  Less  than  half  a  percent 
are  of  the  Objective,  Pilot  Model  type. 
Since  a  Frimary  requirement  will  apply 
to  several  lower-level  requirements,  a 
given  Primary  requirement  may 
simultaneously  be  Open- Loop, 
Closed-Loop,  and  a  Pilot  :*odeJ  type. 
The  Descriptive  requirements  are  not 
requirements  on  the  aircraft,  so  the 


control  loop  approach  to  grouping  these 
requirements  does  not  apply. 

SUBJECTIVE  REQUIREMENTS 

The  Subjective  Closed-Loop 
requirements  are  the  oldest  form  of 
flying  qualities  requirements.  The  very 
first  flying  qualities  specification  in 
the  US  was  of  this  form.  The 

specification  for  the  US  Army's  first 
heavier-than-air  aircraft  called  for  it 
to  "be  steered  in  all  directions  without 
difficulty  and  at  all  times  under 
perfect  control  and  equilibrium"  during 
the  course  of  a  one  hour  trial  flight 
(Reference  4)  .  Thi3  requirement  serves 
as  an  excellent  example  of  the  general 
advantages  and  disadvantages  of  this 
form  of  requirement.  Table  III  lists 
those  paragraphs  of  MIL-STD-1797  which 
are  predominately  Subjective, 

Closed-Loop  requirements.  There  are  no 
paragraphs  in  which  Subjective, 
Open-Loop  requirements  predominate. 

The  most  significant  advantage  of 
subjective  requirements  is  that  they 
tend  to  describe  the  behavior  we  want 
(or  do  not  want)  from  the  aircraft  in 
the  terms  the  pilots  would  describe  it. 
These  requirements  tend  to  be  very 
pilot -oriented.  Usually  the  purpose  and 
value  of  these  requirements  are 
self-evident  by  reading  them.  They  do 
not.  require  a  complex  analytical 
derivation  to  understand. 

The  Subjective  requirements  also 
tend  to  be  very  general.  Unlike 
Objective  criteria,  they  do  not  need  to 
be  conditioned  by  Aircraft  Class,  or 
speed,  or  other  flight  parameters.  As 
an  exar.ipl  e  consider  4.1.12.1  Control 
centering  and  breakout  forces,  part  of 
which  requires  that  "the  combined 
effects  of  centering,  breakout  force, 
stability  and  force  gradient"  of  cockpit 
controls  "shall  not  produce 

objectionable  flight  characteristics" . 
This  one  statement  suffices  for  all 
classes  of  aircraft,  all  Aircraft 
States,  and  all  Flight  Envelopes,  The 
reason  this  type  of  requirement  is  so 
general  is  that  the  meaning  of  the 


qualitative  terms  is  interpreted  by  the 
pilot  in  light  of  these  other  factors. 
What  a  pilot  would  call  "objectionable" 
under  one  set  of  circumstances  would 
change  when  given  another  set.  But  the 
qualitative  term  "objectionable"  is  a 
valid  descriptor  in  both  sets  of 
circumstances . 

The  real  attraction  of  this  type 
of  requirement  for  the  people  who  write 
the  flying  qualities  standard  is  that  it 
can  be  used  in  situations  where  we  do 
not  Know  how  to  quantify  what  we  want  or 
perhaps  even  what  we  want  to  quantify. 
But  we  can  usually  describe  what  we  want 
in  qualitative  terms.  The  best,  example 
of  this  is  that  first  US  Signal  Corps 
specification  cited  above.  If  there  was 
ever  a  time  when  we  did  not  know  how  to 
quantify  what  we  wanted  in  aircraft 
characteristics  that  was  it .  But  it  was 
possible  to  describe  what  was  desired 
qualitatively.  It  is  still  a  valid 
qualitative  description  of  what  we  want 
in  an  aircraft  today. 

Despite  the  advantages  we  have 
listed  for  this  type  of  requirement ,  the 
authors  of  this  paper  subscribe  to  the 
guidance  given  in  MIL-STD-1797A  under 
4.1.9  Interpretation  of  subjective 
requirements .  In  general,  "the  focus  in 
the  flying  qualities  specifications  has 
been,  and  will  continue  to  be,  on 
quantifying  all  requirements  for  which 
sufficient  data  exists."  The  desire 
for  Objective  specifications  stems  from 
the  inherent  disadvantages  of  Subjective 
requirements . 

From  a  legal  or  contractual 
standpoint,  the  biggest  problem  with 
Subjective  specifications  is  disparate 
interpretation  of  the  qualitative  terms. 
Obviously  the  test  of  compliance  with 
this  type  of  specification  is  a  piloted 
evaluation  of  the  aircraft  or  of  a 
simulation  of  the  aircraft.  Different 
pilots  will  have  different 
interpretations  of  the  meaning  of  the 
qualitative  terns,  and  if  the 
differences  between  two  pilots  is  big 
enough,  the  twc  pilots  will  come  to 
different  conclusions  about  compliance 


with  a  given  requirement.  In  that  case, 
whose  judgement  do  you  use?  The 
contractor  and  the  procuring  agency  will 
probably  disagree.  The  first  recourse 
is  to  get  some  more  pilots.  Hopefully 
enough  of  them  will  agree  that  a 
consensus  can  be  reached  one  way  or  the 
other  -  but  what  if  opinion  remains 
evenly  divided?  This  is  not  an  ideal 
way  to  run  a  specification. 

There  are  a  couple  of  other 
problems  from  the  design  engineer's 
standpoint .  First  of  all,  Subjective 
requirements  give  the  designer 
absolutely  no  guidance  on  how  to  design 
an  aircraft  to  comply.  (This  is  called 
"design  freedom") .  The  designer  must 
rely  on  his  experience,  knowledge,  and 
judgement  to  determine  what  design 
parameters  to  play  with  to  achieve 
compliance.  Even  after  he  decides  what 
parameters  will  affect  the  behavior  of 
interest,  such  quantities  as  "not 
objectionable",  ''realistic",  "normal", 
or  "not  excessive"  are  extremely 
nebulous  objectives  to  try  to  achieve. 

The  second  problem  for  the  design 
engineer  is  that  he  does  not  really  know 
if  his  design  has  complied  with  a 
Subjective  requirement  until  the 
development  has  reached  a  stage  where  a 
pilot  can  fly  a  simulation  of  it.  At 
this  point  in  the  development  it  may  be 
too  late  to  make  changes  to  key  aspects 
of  the  design  which  affect  the  behavior 
in  question. 

An  analogy  to  Subjective 
requirements  in  a  cookbook  (an  idea 
suggested  by  the  title  of  this  paper) 
would  be  an  instruction  in  a  soup  recipe 
to  "make  the  soup  taste  good" .  The 
requirement  is  obviously  desireable  and 
easily  stated  on  paper.  But  there  is  no 
guidance  on  what  to  do  or  how  much  of 
what  to  add  in  order  to  comply. 
Compliance  can  only  be  tested  by  tasting 
and  then  is  subject  to  the  whims  of 
personal  preference.  Such  a  statement 
in  a  recipe  serves  no  purpose.  However, 
an  airplane  is  not  a  soup,  and  a  flying 
qualities  requirement  is  not  a  recipe. 
The  purpose  of  Subjective  requirements 


in  the  flying  qualities  standard  is  to 
force  the  contractor  to  at  least  satisfy 
the  pilots  for  those  aspects  of  aircraft 
behavior  that  the  engineers  do  not  know 
how  to  quantify. 

OBJECTIVE  OPEN-LOOP  REQUIREMENTS 

The  Objective  Open-Loop 
requirements  are  the  ones  we  most  often 
th.lnk  of  when  we  talk  about  flying 
qualities  specifications.  These  are  tne 
requirements  on  the  open-loop  transfer 
function  parameters  or  on  the 
characteristics  of  the  time  response  to 
a  f.:tep  input.  The  theory  behind  these 
requirements  is  that  some  of  these 
open- loop  parameters  or  characteristics 
correlate  with  p*.lot  opinion  of  aircraft 
behavior  during  closed-loop  tasks,  a 
theory  which  has  been  confirmed  by 
experience  and  research.  These 
open- loop  parameters  or  characteristics 
can  then  be  used  to  quantify  aircraft 
flying  qualities.  Table  IV  shO“3  those 
paragraphs  of  MIL-STD-1'797  in  which 
Objective,  Open-Loop  requirements 
predominate . 

The'  primary  advantage  of  the 
Objective  Open-loop  requirement*5,  is  that 
determination  of  compliance  is  not 
subject  lo  interpretation  or  pilot 
variability.  Compliance  is  not  subject 
to  interpretation  because  the  c  iteria 
have  quantitative  values:  you  either 
meet  these;  values  or  you  don't. 
Compliance  is  not  subject  to  pilot 
variability  because  the  criteria  are 
open-loop  characteristics:  no  pilot  is 
required  in  order  to  evaluate  them.  The 
requirements  apply  solely  to  the 
aircraft .  Engineers  like  these 
qualities  in  a  specification,  as  do 
contracting  and  legal  departnients . 

Another  big  advantage  of  this  type 
of  requirement  is  that  these  parameters 
or  characteristics  can  usually  be 
related  to  aircraft  design  parameters . 
Thus  the  design  enginee-  gets  some 
guidance  on  what  needs  to  be  done  to 
achieve  compliance.  Furthermore,  in 
theory,  he  does  not  have  to  wait  until 
the  design  is  developed  enough  for 


piloted  evaluation  to  decide  whether  he 
is  on  the  right  track  or  not.  The 
engineer  can  evaluate  b 1 3  design 
analytically , 

The  big  disadvantage  of  this  type 
of  requirement  lies  in  the  inconstant 
success  of  open-loop  characteristics  as 
measures  of  flying  qualities.  Though 
this  approach  has  worked  fairly  well, 
history  is  replete  with  examples  of 
aircraft  which  did  not  meet  particular 
open-loop  requirements,  but  still  had 
satisfactory  flying  qualities  in  the 
behavior  those  requirements  were 
supposed  to  address .  There  are  also 
cases  where  aircraft  met  existing 
open-loop  requirements  but  still  had 
handling  problems  that  those 
requirements  were  supposed  to  preclude. 
References  1,  2,  and  5  through  14  all 
recount  examples  of  both  cases. 

The  reasons  that  Objective 
Open-Loop  requirements  have  beer  only 
partially  successful  are  numerous.  The 
heart  of  the  problem  lies  in  the  way  the 
open-loop  requirements  are  derived.  The 
typical  approach  is  to  first  define  a 
closed-loop  task  to  investigate  some 
aspect  of  flying  qualities.  Pilots  fly 
the  closed-loop  task  in  in-flight  or 
ground-based  simulators  in  which  the 
open-loop  dynamics  can  be  varied.  The 
pilots  evaluate  the  flying  qualities  of 
various  combinations  of  open-loop 
dynamics  in  the  performance  of  the 
closed-loop  task.  Typically,  one  or 
more  parameters  are  varied  over  a  range 
of  values  while  other  parameters  are  set 
at  values  known  to  correlate  with  good 
fiying  qualities.  The  pilots  evaluate 
the  open-loop  combinations  qualitatively 
by  their  comments  and  quantitatively 
through  use  of  a  pilot  rating  scale . 
The  most  common  scale  in  use  today  is, 
of  course,  the  Cooper-Harper  scale, 
which  uses  task  performance,  pilot 
workload,  and  controllability  as  the 
bases  for  thu  ratings.  Tne  engineers 
analyze  the  pilots'  evaluations  and  try 
to  determine  which  open-loop  parameters 
correlate  with  the  pilots'  opinions  and 
over  what  range  of  values  the  pilots 
found  these  parameters  satisfactory. 


acceptable,  controllable,  or 
uncontrollable.  The  results  form  the 
ranges  or  boundaries  of  the  Objective 
Open-Loop  requirements. 

The  first  problem  with  this 
approach  is  that  of  pilot  variability. 
As  we  mentioned  in  the  section  on 
Subjective  requirements,  the  meaning  of 
qualitative  comments  will  vary  from 
pilot  to  pilot  or,  for  that  matter,  from 
pilot  to  engineer.  For  Objective 
Open-Loop  requirements  this  variability 
affects,  not  the  issue  of  compliance 
with  the  requirement,  but,  rather,  the 
issue  of  the  validity  of  the  requirement 
in  the  first  place.  Pilot  rating  scales 
do  not  completely  avoid  this  variability 
because  the  decision  process  used  to 
arrive  at  the  ratings  depends  on  how  the 
pilot  interprets  the  qualitative  terms 
in  the  "decision  tree" .  To  minimize 
this,  at  least  one  basis  of  the 
Cooper-Harper  rating  scale,  the  task 
performance,  is  usually  discussed  in 
advance,  with  the  pilots  and  engineers 
agreeing  to  use  specific  values  for 
desired  and  adequate  performance.  This 
still  leaves  the  pilot  workload  and  the 
degree  of  controllability  as  subjective 
evaluations  by  the  pilots.  The  problems 
of  piloted  evaluation  and  Cooper-Harper 
rating  variability  have  received 
considerable  attention  recently 
(References  15  through  18) . 

Explicitly  defining  the  task 
performance  actually  aggravates  another 
problem  however.  Flying  qualities  are 
known  to  be  task  dependent .  Pilot 
ratings  and  comments  for  a  particular 
set  of  open-loop  dynamics  could  be 
changed  simply  by  changing  t.ne 
definitions  of  desired  and  adequate 
performance  for  a  given  evaluation  task. 
ML -STD-1797  recognizes  this  task 
dependence  by  dividing  flight  tasks  into 
Flight  Phase  Categories.  Several 
Objective  Open-Loop  requirements  in 
MIL-STD-1797  have  different  Level  ranges 
for  each  Flight  Phase  Category.  But  the 
Flight  Phase  Categories  in  MIL-STD-1797 
are  very  broad  and  nonspecific.  Users 
of  MIL-STD-1797  should  bear  in  mind  that 
the  tasks  or  the  level  cf  task 


performance  desired  .in  a  new  aircraft 
may  not  correlate  exactly  with  the  tasks 
or  level  of  performance  used  to  derive 
the  criteria  for  a  given  requirement. 

Another  problem  with  the  usual 
approach  to  flying  qualities  research  is 
the  practice  of  varying  one  parameter 
and  setting  all  of  the  others  to  values 
known  to  correspond  to  satisfactory 
flying  qualities.  The  obvious  weakness 
of  this  approach  is  that  the  resulting 
criteria  will  not  account  for  the 
interaction  of  various  parameters  when 
they  are  less  than  optimum.  This 
interaction  can  seriously  degrade  the 
overall  flying  qualities.  Even 
combinations  of  parameters  which 
individually  would  be  considered 
borderline  Level  1  can  degrade  overall 
flying  qualities  to  Level  2.  This 
interaction  is  demonstrated  in  Figure  3, 
taken  from  Reference  19.  This  shows  the 
Cooper-Harper  ratings  for  various 
configurations  in  a  combined  pitch  and 
roll  tracking  task,  plotted  against 
ratings  for  the  same  configurations  in 
separate  pitch  and  roll  tracking  tasks. 
Note  that,  as  a  general  rule,  the 
ratings  for  the  combined  pitch  and  roll 
tracking  tasks  are  always  worse  than  the 
worst  rating  for  either  of  the  separate 
single-axis  tasks.  This  factor  is  not 
accounted  for  in  the  requirements  of 
MIL-STD-1797 . 

The  bottom  line  of  all  of  this  is 
that  the  ranges  and  boundaries  of  the 
Objective  Open-Loop  requirements  of 
MIL-STD-1797  should  not  be  treated  as 
precise  boundaries,  but  as  broad  "gray 
areas”;  regions  of  transition  from  one 
Level  to  the  next.  Figure  4,  taken  from 
Reference  1,  is  a  typical  illustration 
of  this.  Figure  4  shows  the  Level  1  and 
Level  2  boundaries  for  Category  A  Flight 
Phases  on  a  plot  of  Cooper-Harper 
ratings  from  several  flight 
investi gabions  of  short-period  pitch 
response  dynamics.  Note  that  along  the 
Level  1  boundary  line  there  are  several 
instances  of  Level  2  pilot  ratings 
inside  the  Level  i  boundaries.  There 
are  also  instances  of  Level  1  pilot 
ratings  outside  the  Level  1  boundaries 


requirement  is  not  subject  to  questions 
To  again  make  a  comparison  with  a  of  interpretation.  Furthermore,  since 
cookbook:  the  Objective,  Open-Loop  the  quantitative  criteria  of  this  kind 

requirements  would,  at  a  casual  glance,  of  requirement  are  task  performance 
seem  to  have  the  closest  resemblance  to  parameters,  they  are  mutually 
cookbook  instructions,  and  this  is  the  understandable  for  both  the  pilots  and 
way  engineers  would  like  to  treat  them.  engineers. 

But  cookbooks  usually  give  their 

instructions  in  specific  quantities:  a  The  big  question  in  this  type  of 

specific  temperature  to  cook  at,  a  requirement  is  what  level  of  performance 
specific  length  of  time  to  cook,  a  to  require  in  a  task.  This  is  an 
specific  quantity  of  an  ingredient  to  extremely  tricky  problem  because  this 
add,  etc.  In  the  flying  qualities  type  of  requirement  can  easily  overdrive 

standard  the  Objective  requirements  a  design  in  one  direction.  In  order  to 
usually  specify  ranges  of  values  or  achieve  the  required  level  of 
limits .  These  ranges  or  limits  often  performance  for  this  kind  of  requirement 
depend  on  the  values  of  other  a  designer  may  make  compromises  in  other 
parameters.  Furthermore,  these  ranges  aspects  of  flying  qualites  covered  by 
or  limits  are  not  absolute.  subjective  or  open-loop  requirements. 

For  example,  the  stick  sensitivity 
OBJECTIVE  CLOSED-LOOP  REQUIREMENTS  needed  to  achieve  an  extremely  tight 

tolerance  in  fine  tracking  performance 
The  Objective,  Closed-Loop  might  cause  a  designer  to  sacrifice  some 

requirements  are  the  requirements  on  control  authority  for  gross  maneuvering, 
aircraft  characteristics  or  performance  If  the  pilot  never  really  needs  this 
of  the  pilot-vehicle  system  in  some  level  of  precision  in  operational  use, 
task.  Since  MIL-STD-1797  is  meant  to  be  the  designer  may  have  sacrificed  some 
a  general  standard  the  type  of  tasks  maneuverability  that  the  pilot  could 
associated  with  these  requirements  are  have  used.  The  specific  criteria  to  be 
those  common  to  all  manned  aircraft:  used  in  these  kinds  of  requirements  must 
takeoffs,  landings,  crosswind  takeoffs  be  carefully  tailored  to  the  actual 
and  landings,  control  of  failure  needs  of  the  operational  user  and  must, 
transients,  etc.  Frequently,  be  balanced  with  other  requirements  to 

specifications  for  individual  programs  insure  that  the  design  is  not  needlessly 
have  also  added  other  Objective,  driven  to  do  one  task  well  at  the 
Closed-Loop  requirements  associated  with  expense  of  handling  in  other  tasks, 
the  specific  tasks  expected  for  their 

aircraft.  For  example,  the  STOL  and  Another  problem  with  this  type  of 

Maneuver  Technology  Demonstrator  was  requirement  is  pilot  variability, 
required  to  make  a  precision  landing  Pilots  differ  in  their  levels  of 
with  very  demanding  performance  training,  experience,  and  techniques, 
criteria.  Table  V  illustrates  those  Since  this  type  of  requirement  is  on  the 
requirements  of  MIL-STD-1797  which  are  pilot-vehicle  combination,  differences 
predominately  Objective.  Closed-Loop).  in  pilots  will  result  in  differences  in 

pilot-vehicle  performance.  If  the 

There  are  several  advantages  of  pilot-vehicle  combination  fails  to  meet 
this  type  of  requirement.  First,  if  you  the  performance  requirement,  is  the 
know  what  kind  of  performance  you  want  failure  the  fault  of  the  pilot  or  the 
for  the  pilot -vehicle  system,  this  is  aircraft?  If  no  pilots  can  make  the 
the  direct  way  to  require  it.  Because  aircraft  meet  the  requirement,  then  the 
the  requirements  are  closed-loop  they  aircraft  is  obviously  at  fault  (provided 
are  very  pilot-oriented;  like  the  the  requirement  is  not  outrageous)  .  But 
Subjective  requirements.  Unlike  the  what  happens  when  some  p>ilots  can  meet 
Subjective  requirements,  however,  the  the  requirement  and  some  cannot.  This 
quantitative  nature  of  this  type  of  is  the  same  sort  of  situation  we  faced 


•  s 


with  interpretation  of  subjective 
requirements .  In  this  case,  because  the 
criteria  are  quantitative,  we  can  use 
statistical  analyses  of  multiple 
evaluations  to  determine  if  the 
probability  of  ichioving  the  desired 
level  of  performance  is  acceptable. 
Even  so,  determination  of  compliance  is 
still  not  as  straight  forward  a  u  with 
the  Objective,  Open-Loop  requirements. 

Another  problem  that  the 
Objective,  Clo3ed-Loop  requirements 
share  with  the  Subjective  requirements 
is  that  they  must  be  evaluated  with  the 
pilot  in  the  loop  to  determine 
compliance.  In  performing  a  closed-loop 
task  a  pilot  introduces  additional 
dynamics  to  those  of  the  vehicle.  What 
the  pilot  introduces  is  not  always 
well-described  for  the  designer, 
particularly  for  complex  tasks.  Thus, 
this  type  of  requirement  frequently  does 
not  offer  the  designer  much  guidance  on 
how  to  achieve  compliance. 

Because  this  type  of  requirement 
applies  to  the  pilot-vehicle 
combination,  not  just  the  vehicle,  and 
oecause  the  performance  criteria  tend  to 
be  so  specific  for  each  procurement, 
there  have  never  been  very  many 
requirements  of  this  tvpe  in  the  general 
fil  ing  qualities  specif icat or.s . 
"owever,  in  the  pant,  individual 
programs  have  added  requirements  of  this 
type  to  their  particular  flying 
qualities  specifications  and  this  trend 
w  11  undoubtedly  continue  in  the  future. 

1  he  Army's  new  Aeronautical  Design 
Standard  for  rctcrcraft  flying 
qualities,  ADS-33C,  has  an  entire 
section  consisting  of  this  type  of 
requirement-  This  section,  called 
flight  Test  Maneuver  explicitly 
describes  several  demonstration 
maneuvers  that  must  be  performed  by  the 
vehicle  and  defines  the  level  of 
performance  that  .mat  be  achieved  and 
still  get  bevel  1  pilot  ratings.  Most, 
if  not  all,  of  the  requirements  of 
ADS-33C  mill  probably  De  incorporated  in 
the  next  revision  of  the  military 
rotoicraft  flying  qualities 
specification,  HIL-M-85U1  (Reference 


21)  .  The  Flight  dynamics  Laboratory  has 
begun  to  .look  at  similar  ideas  for 
fixed-wing  aircraft,  to  be  incorporated 
in  MIL-STP-1797  sometime  in  the  future. 

USE  OF  MIL-5TD-1797A 

We  will  now  consider  how  the  tlying 
qualities  specification  is  used  by  the 
USAF't  Aeronautical  Systems  Division 
(ASD) .  The  System  Program  Offices 
<SFOs)  rf  ASD  are  representative  users 
of  the  document  in  the  procurement  of 
aircraft  for  the  Air  Force's  using 
commands . 

To  a  SPO,  MI L-STD-1797A  represents 
a  contractual  document.  It  is  not, 
however,  a  stand-alone  specification, 
but  is  rather  part  of  a  heirarchy  ( of 
specifications  which  are  levied  against 
a  weapons  system  being  procured  by  the 
U.  S.  Air  Force.  This  heirarchy,  along 
with  pertinent  specifications  is 
illustrated  in  part,  in  Figure  5.  Of 
note  is  that  each  level  in  the  hierarchy 
takes  precedence  over  lower  levels. 

The  contract  is  the  legal  document, 
which  states  exactly  what  the  contractor 
is  going  to  supply  to  the  government, 
under  what  conditions,  and  for  what 
price.  The  Statement  of  Work  (SOW) 
indicates  the  tasks  to  be  performed, 
while  the  Contract  Data  Requirements 
List  (CDRL)  defines  what  data  will  he 
3upolied  to  the  government  to  snow 
compliance  with  the  contract.  Data  Item 
Descriptions  (DlDs)  define  exactly  what 
form  and  toe-mot  these  data  are  to  hr  in. 

For  an  aircraft  procurement,  the 
System  Specification  (SS)  defines 
exactly  what  the  complete  weapon  system, 
including  avionics,  weapons,  etc.,  must 
be  able  to  dv.  Performance  :oquir.‘ments 
are  usually  specified  at  this  lever,  and 
are  in  the  form  of  a  tailored 
MIL-STD-- 1793  performance  specification 
<Kei  *renr'e  22)  .  Requirements  unique  to 
the  air  venicle  itself  appear  at  the 
next  level  in  the  form  of  an  Air  Vehicle 
Specification  (AVS)  ;  flight.  control 
system  cna  flying  qualities  requirements 
are  levied  at  this  leve) . 


Operational  Testing  and  Evaluation 
When  a  contractor  responds  to  a  (OTtE)  in  the  1980s,  it  is  expected  that 
Request  for  Proposals  (RFP)  issued  by  the  evaluation  of  flying  qualities  via 
the  government,  he  will  offer  a  proposed  operational  or  operational-type  testing 
contract  with  supporting  hierarchy.  will  become  even  more  the  rule. 

This  will  include  a  tailored  flying 

qualities  specification.  This  proposed  significant  portion  of  the  flying 

tailored  specification  may  be  further  qualities  testing  examines  various 
negotiated  •  ring  the  source  selection  failure  cases  or  degraded  modes.  This 
process.  Upon  the  signing  of  the  is  to  insure  that  catastrophic 
contract,  between  the  selected  contractor  degradations  in  flying  qualities 
arid  the  government,  the  tailored  flying  following  component  or  subsystem 
qualities  specification  becomes  a  failures  or  damage  are  minimized, 
contractual  document  at  the  appropriate  allowing  the  pilot  to  discontinue  combat 
level  in  the  hierarchy  of  operations  and  return  to  base  when 
specifications.  (Of  course,  methods  do  necessary,  while  objective  requirements 
exist  to  amend  the  specification  later  may  be  levied  against  degraded-mode 
if  necessary.)  flying  qualities,  often  such 

requirements  are  subjective. 

The  purpose  of  the  above  discussion 

is  not  to  detail  the  legal  processes  or  In  evaluating  these  and  other 

documents  of  any  specific  program,  but  subjective  requirements,  a3  well  as 
rather  to  make  the  point  that,  as  used  evaluating  th*'  suitability  of  the 
in  the  procurement  of  weapons  systems,  aircraft  for  the  operational  tasks, 
MIL-STD-1797A  is  a  contractual  document  heavy  dependence  is  made  on  pilot 
and  is  part  of  a  hierarchy  of  opinion.  This  opinion  is  in  the  form  of 
specifications.  As  .. uch,  it  levies  pilot  comments  and,  in  some  cases,  pilot 
requirements  on  the  des  gn  which  are  ratings  (usually  Cooper-Harper  ratings, 
binding.  In  order  to  p*ow  compliance  Reference  25)  .  In  determining 

with  these  requirements,  tne  design  is  compliance  with  the  subjective 
evaluated  via  anal  ’s?s,  simulations  requirements,  several  representative 
(both  piloted  and  ron  piloted) ,  and,  pilots  should  be  used,  and  each  should 
ultimately,  flignt  test.  Some  of  the  have  adequate  time  <-o  fully  evaluate  the 
flight  tests  may  be  oriented  toward  characteristic  (s)  in  question.  Pilot 
identification  of  *..„e  closed-loop  ratings  should  be  individually 
characteristics  of  the  vehicle  or  toward  considered  rather  than  averaged,  as  one 
specific  flying  qualities  requirements.  pilot  may  through  his  technique  find  a 
However,-  in  recent  years,  there  has  been  questionable  or  objectionable 

a  trend  toward  "operational"  testing,  in  characteristic  not  noted  by  the  other 
which  flying  qualities  characteristics  evaluating  pilots.  (For  a  more  detailed 
may  be  evaluated  as  part  of  a  larger  discussion  of  inter-  and  intra-pilot 
scenerio.  In  some  cases,  thi3  variability  and  it3  implications,  the 

operational  testing  is  a  reader  is  referred  to  Riley,  references 

carefully-controlled  approximation  to  15  and  16)  . 
service  use.  such  as  Handling  Qualities 

During  Tracking  (HQDT)  testing  This  of  course  raises  the  issue  of 

(Reference  23).  In  other  cases  it  may  specification  noncompliaocc .  In  the 
actually  be  a  true  operational  task.  case  of  the  performance  specification, 
Brandeau  (Reference  24)  provides  an  compliance  or  noncompliance  is  (usually) 
example  of  the  latter  in  his  discussion  obvious,  while  with  f lyinc  qualities  the 
of  the  development  of  the  directional  issue  is  not  so  clear  cut.  This  is 
Stability  Augmentation  System  (SAS)  for  because  a  performance  specification  is 
the  A-10.  With  the  advent  of  the  Air  an  objective  specification,  while  flying 
Force  Operational  Teat  and  Evaluation  qualities  are  Ly  nature  subjective . 
Center  (AFOTEC)  and  the  requirement  for  Thus  the  flying  qualities  specification 
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Js  an  attempt  to  roach  a  subjective 
goal,  i.  e. ,  pilot  acceptance,  by  means 
of  a  specification  mixing  objective  and 
subjective  criteria.  Even  the 

specification  itself  recognizes  this 
dichotomy,  and  allows  for  demonstration 
via  compliance  with  subjective  ay  well 
as  objective  requirements  (Paragraph 
4.1.. 9)  .  Thus  there  are  not  two  but.  four 
possible  results  when  evaluating  flying 
qualities,  as  illustrated  by  Figure  6, 

We  would  argue  that  in  the  end  the 
pilots  must  find  the  flying  qualities  of 
the  aircraft  acceptable.  Tfiis  raises 
the  possibility  of  the  "off-diagonal" 
cases  1  lustrated  in  Figure  f>  In  the 
first  case  (shown  in  the  upper  right  of 
the  figure)  ,  the  aircraft  does  not  meet 
some  of  the  objective  requirements  of 
the  specification,  yet  the  flying 
qualities  art.  judged  as  acceptable  by 
the  evaluating  pilots.  At  this  point, 
we  would  ask  the  contractor  to  "prove 
it"  to  the  sat it "action  of  the  SDC.  If 
a  sufficient  number  of  pilots  of  the 
same  class  of  aircraft,  who  collectively 
encompass  the  range  of  experience  and 
background  of  future  operators  of  the 
aircraft  rate  the  characteristic (s>  in 
question  as  acceptable  for  operational 
use,  we  would  advocate  accepting  the 
characteristic  as  s  If,  on  rhe  other 
hand,  the  aircraft  meets  che  objective 
requirements  of  the  tailored 
specif teat ica  yet  is  rated  as 
unacceptable;  by  evaluating  pilots  (the 
lower  left  cast;  of  Figure  6 1  ■  the 
characteristic (s)  in  question  must  be 
corrected.  These  two  cases  together 
probably  account  for  less  than  10%  of 
the  results  of  flying  quality e3  testing 
yet  occupy  over  90%  of  the  time  ar.d 
effort  of  the  flying  qualities  engineers 
involved  in  any  program.  These  cases 
require  the  most  judgement,  experience, 
and  commitment  by  all  parties  jnd 
organizations  involved  to  find  and  fix 
the  problem (s)  ard  make  the  customer  - 
the  operational  user  -  happy  with  the 
flying  qualities  of  the  final  product. 
This  requires  a  dedication  to  doing  what 
is  right,  not  what  is  expedient. 

CONCLUSIONS 


To  conclude  this  paper  we  would 
like  to  revisit  some  of  the  questions  we 
mentioned  in  the  introduction  To  begin 
with  we  contend  that  flying  qualities 
are  actually  subjective  and  closed-loop 
in  nature .  Thus  the  Subjective, 
Closed-Loop  requirements  come  closer  to 
specifying  flying  qualities  than  do  the 
Objective,  Open-Loop  requirements. 
However,  as  we  have  already  discussed, 
the  Subjective  requirements  are  not  very 
satisfactory  an  specification  -riteria 
because  their  qualitative  nature  leaves 
'rue  question  of  compliance  open  to 
different  interpretati.  n  of  ti.  . 
qualitative  terms.  Also  they  do  not 
provide  any  design  guidance. 

Thi3  brings  us  to  the  second 
question:  I«  MIL-STD-1797  intended 
solely  as  a  specification,  or  is  it  also 
intended  to  provide  design  guidance? 
Though  the  first  priority  of 
MU, -STD-1797  is  as  a  specification,  it 
has  always  been  the  intent  of  ".he  Plight 
Dynamics  Laboratory  and  ALD  that  it  also 
provide  des.ig  i  guidance.  This  is  the 
reason  for  che  great  predominance  of 
Objective,  Open-Loop  requirements  in 
MIL-STD-17  97 . 

The  answer  to  the  last  question  is 
tne  most  important  point  in  this  paper . 
Pilot  satisfaction  with  the  fiying 
qualities  of  the  actual  aircraft  is  more 
important  than  compliance  with  the 
objective,  Open-Loop  requirements. 
Users  of  MIL-STD-1797,  both  contractors 
and  procurement  agencies,  should  always 
bear  in  mind  that  compliance  win  h  the 
Objective,  Open-Loop  criteria  (which 
constitute  the  majority  of  t’.e 
requirements  in  MIL-STD-1797)  does  not 
necessarily  guarantee  good  flying 
qualities.  The  ultimate  objective  is 
not  to  meet  the  objective,  Open-Loop 
requirements  but  to  get  flying  qualities 
with  which  the  pilot  can  satisfactorily 
accomplish  the  required  missions.  In 
other  words,  it  is  more  important  to 
meet  the  intent  of  the  specification 
than  to  meet  the  specification  criteria. 
However,  that  statement:  whould  not:  be 
interpreted  as  a  recommendation  to 


ignore  the  criteria  in  the 
specification.  Most  of  the  criteria  in 
the  specification  are  backed  up  by 
extensive  flight  tenting  and  experience 
with  past  aircraft.  To  ignore  this 
experience  is  a  considerable  ri3k.  Our 
recommendation  to  the  designer  is  to  use 
the  criteria,  but  bear  in  mind  their 
limitations  and  do  not  try  to  use  the 
specification  as  a  cookbook. 
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TABLE  I 

PARAGRAPHS  WITH  PREDOMINATELY  DESCRIPTIVE  REQUIREMENTS 


1  Loadings 

.2  Moments  and  products  of  inertia 
.  3  Internal  and  external  stores 
.4.1  Operational  Flight  Envelopes 
,4.2  Service  Flight  Envelopes 
.4.3  Permissible  Flight  Envelopes 

5  Configurations  and  States  of  the  aircraft 

6  Aircraft  Normal  States 

7  Aircraft.  Failure  States 

7.1  Aircraft  Special  Failure  States 


TABLE  IT 

PARAGRAPHS  WITH  PREDOMINATELY  PRIMARY  REQUIREMENTS 

4 . 1 . 6 . 1  Allowable  Levels  lor  Aircraft  Normal  States 

4.1. 6.3  Ground  operation 

4 .1.7. 4  Generic  failure  analysis 

4. 1.7. 5  When  Level"  are  rot  specified 

4.19  interpretation  of  subjective  requirements 
4.8.4  Flight  at  high  angle  of  attack 

4. 8. 4. 2  Stalls 

4.8.0. j  Post-stall  gyrations  and  spins 


It 


TABLE  III 

PARAGRAPHS  WITH  PREDOMINATELY  SUBJECTIVE,  CLOSED-LOOF  REQUIREMENTS 


4. 1.6. 2 
!  4.1.8 

4. 1.8.1 

4.1.11.1 

4.1.11.2 

4.1.11.3 

4.1.11.4 

4.1.11.5 

4.1.11.6 

4.1.11.7 

4.1.11.8 
4.1.12 

4.1.12.4 

4.1.12.6 

4.1.12.7 

4.1.12.8 

4.1.12.9 

4.1.13.2 

4.2.7. 1 
42.8.3 

4.5.2 

4.5.3 
4.5.6 

4. 5. 8. 3 

4. 5. 8. 5 

4. 5. 8. 6 

4.6.3 

4.6.6 

4. 6. 6.1 
..6.6.2 

4. 6. 6. 3 

4.6.7 

4.8.2 

48.4.1 

4. 8. 4. 2. 2 

4. 8. 4. 2. 4 

4. 8. 4. 3.1 


Flight  outside  the  Service  Flight  Envelopes 
Dangerous  flight  conditions 
Warning  and  indication 
Buffet 

Release  of  stores 

Effects  of  armament  delivery  and  special  equipment 

Failures 

Control  margin 

Pilot-induced  oscillations  (PIO) 

Residual  oscillations 
Control  cross-coupling 

General  flight  control  system  characteristics 

Rate  of  control  displacement 

Damping 

Transfer  to  alternate  control  modes 
Flight  control  system  failures 
Augmentation  systems 
Rate  of  trim  operation 

Pitch  axis  control  power  in  unaccelerated  flight 

Pitch  axis  control  forces  -  control  force  variations  during 

rapid  speed  changes 

Pilot-induced  roll  oscillations 

Linearity  of  roll  response  to  roll  controller 

Roll  axis  control  for  takeoff  and  landing  in  crosswinds 

Roll  axis  control  power  in  crosswinds 

Roll  axis  control  power  in  dives  and  pullouts 

Roll  axis  control  power  for  asymmetric  loading 

Pilot-induced  oscillations 

Yaw  axis  control  power 

Yaw  axis  control  power  for  ^akeoff,  landing  and  taxi 
Yaw  axis  control  power  for  asymmetric  thrust 
Yaw  axis  control  power  with  asymmetric  loading 
Yaw  axis  control  forces 

Crosstalk  between  pitch  and  roll  controllers 

Warning  cues 

Stall  characteristics 

One-engine-out  stalls 

Departure  from  controlled  flight 


TABLE  IV 


PARAGRAPHS  WITH  PREDOMINATELY  OBJECTIVE,  OPEN-LOOP  REQUIREMENTS 


4.1.12.10 

4.1.13.1 

4.1.13.5 

4.1.13.6 

4. 2. 1.1 

4 . 2 . 1 . 2 


4. 2. 6.1 

4. 2. 7. 2 

4. 2. 8.1 

4. 2. 8. 2 
4. 2. 8. 4 
4.28.5 

4. 2. 8. 6. 3 

4. 2. 8. 6. 4 
4.2.e.7 

4. 3. 1.2 

4.4.1 

4. 4. 1.1 

4. 5. 1.1 

4. 5. 1.2 

4 . 5 . 1 . 3 

4. 5. 1.4 

4. 5. 1.5 
4.5.4 

4. 5. 7.1 

4. 5. 8.1 

4. 5. 8. 2 

4.5. 9.1 

4. 5. 9. 2 

4. 5. 9. 3 

4 . 5 . 9 . 4 

4. 5. 9. 5.1 

4.5. 9. 5.4 

4. 5. 9. 5. 5 

4. 6. 1.1 
4  6.1.3 
4  6.2 
4.6.4 

4. 6. 5. 2 

46.5.3 

4. 6. 7. 2 

46.7.3 

4. 6. 7. 5 
4. 6. 7. 7 
4.6.7.11 
4.7.1 


;io,  rise  time,  effective  time 


Auxiliary  dive  recovery  devices 
Trim  system  irreversibility 
Trim  for  asymmetric  thrust 
Automatic  trim  system 
Long-term  pitch  response 
Short-term  pitch  response 
Alternative  A  -  CAP  or  Wgp/  (n/ot)  ,  £Sp,  tq 
Alternative  B  -  <ospT0  ,  *sp,  tq 
Alternative  C  -  Transient  peak  rat 
delay 

Alternative  D  -  Bandwidth,  time  delay 

Alternative  F  -  Time-  and  frequency-response  criteria  by  Gibson 

Pitch  axis  response  to  failures,  controls-f ree 

Pitch  axis  control  power  in  maneuvering  flight 

Pitch  axi3  control  forces  -  steady-state  control  force  per  g 

Pitch  axis  control  forces  -  transient  control  force  per  g 

Pitch  axis  control  forces  -  control  force  vs.  control  deflection 

Pitch  axis  control  breakout  forces 

Pitch  axis  control  force  limits  -  dives 

Pitch  axis  control  force  limits  -  sideslips 

Pitch  axis  trim  systems 

Steady-3tate  flight  path  response  to  attitude  change 
Speed  response  to  attitude  changes 

Speed  response  to  attitude  changes  -  relaxation  in  transonic 

flight 

Roll  mode 

Spiral  stability 

Coupled  roll-spiral  oscillation 

Roll  oscillations 

Roll  time  delay 

Lateral  acceleration  at  pilot  station 
Roll  axis  response  to  augmentation  failures 
Roll  axis  response  to  roll  control  inputs 
Roll  axis  control  power  in  steady  sideslips 
Roll  control  displacements 

Roll  axis  control  forces  to  achieve  required  roll  performance 
Roll  axis  control  sensitivity 

Roll  axis  control  centering  and  breakout  forces 

Roll  axis  control  force  limits  in  steady  turns 

Roll  axis  control  force  limits  in  steady  sideslips 

Roll  axis  control  force  limits  for  asymmetric  thrust 
Dynamic  lateral-directionaJ.  response 
Wings-level  turn 

Yaw  axis  response  to  roll  controller 

Yaw  axis  control  for  takeoff  and  landing  .in  crosswinds 
Yaw  axis  response  to  failures 

Yaw  axis  response  to  configuration  or  control  mode  change 
Yaw  axis  control  force  limits  in  steady  turns 
Yaw  axis  control  force  limits  during  speed  changes 
Yaw  axis  control  force  limits  with  asymmetric  loading 
Yaw  axis  control  force  limits  for  waveoff  (go-around) 

Yaw  axis  breakout  forces 

Dynamic  response  for  lateral  translation 
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TABLE  V 

PARAGRAPHS  WITH  PREDOMINATELY  OBJECTIVE,  CLOSED-LOOP  REQUIREMENTS 


2.5 

2.8, 

2.8, 

2.6, 

2.8, 

5.8. 

5.9. 

5.9. 
5.9. 
5.9. 


4. 6. 7.1 
4.67.4 
4. 6. 7. 6 
4. 6. 7. 8 


6.7.9 

6.7.10 
8.3 


8.4 

8.4 


Pitch  trim  changes 
Pitch  axis  control  force  limits 
Pitch  axis  control  force  limits 
Pitch  axis  control  force  limits 
Pitch  axis  cc. nt.rol  force  limits 
Roll  axis  control 


takeoff 

landing 

failures 

control  mode  change 


2 . 1 
2.3 


8. 4. 3. 2 


power  for  asymmetric  thrust 
Roll  axis  control  force  limits  in  dives  and  pullouts 

Roll  axis  control  force  limits  in  crosswinds 

Roll  axis  control  force  limits  for  failures 

Roll  axis  control  force  limits  for  configuration  or  control  mode 

change 

Yaw  axis  control  force  limits  in  rolling  maneuvers 

Yaw  axis  control  force  limits  in  crosswinds 

Yaw  axis  control  force  limits  in  dives  and  pullouts 

Yaw  axis  control  force  limits  for  asymmetric  thrush  during 

takeoff 

Yaw  axis  control  force  limits  with  flight  control  failures 
Yaw  axis  control  force  limits  -  control  node  chance 
Control  harmony 
Stall  approach 

Stall  prevention  and  recovery 

Recovery  from  post-stall  gyrations  and  spins 
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Figure  6.  Possible  Outcomes  of  Flying  Qualities  Evaluations 
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ABSTRACT 

AMX  .is  a  subsonic  ground  attack  aircraft  with  a  fly-by-wire  "Flight  Control  System"  (F.C.S.) 
built  into  a  digital  flight  control  computer. 

From  the  Flight  Mechanics  stand-point  it  has  been  designed  against  the  MIL-F878S-C 
reguirement.  For  some  specific  flight  tasks  the  need  of  more  demanding  reguirements  has 
been  envisaged. 

Modern  handling  gualities  criteria  have  been  applied  in  the  area  of  longitudinal  and 
lateral-directional  precision  tracking  task  and  P.1.0,  tendencies  to  cope  with  operational 
problems. 

High  incidence  criteria  have  been  used  in  the  design  and  evaluation  of  control  modifications 
which  improve  the  flying  qualities  in  th^  stall  and  pest  stall  regions. 

Comparisons  between  analytical  predictions,  manned  simulation  and  in-flight  results  have 
been  made.  Indications  of  agreement  or  dis  lgreement  with  data  and  new  criteria  are  presented. 


SYMBOLS 


b„ 

Longitudinal  stick  deflection 

<t> 

Roll  attitude 

6.,t 

Lateral  stick  deflection 

P 

Roll  rate 

b  peri 

Pedal  deflection 

r 

Yaw  rate 

b. 

Elevator  deflection 

u>,( 

Dutch  roll  frequency 

6, 

Stabilizer  deflection 

*.d 

Dutch-  roll  damping 

ba 

Aileron  deflection 

>*>* 

Zero  roll  frequency 

b,p 

Spoiler  deflection 

Zero  roll  damping 

b, 

Rudder  deflection 

1' 

Sideslip  angle 

or 

Angle  of  attack 

V 

Nose  heading  angle 

Y 

Flight  path  angle 

■'1  *’•  i.'1'i  1‘ 

Azimuth  CC1P 

0 

Pitch  attitude 

\  K 

Spiral  time  constant 

w 

Pitch  rate 

l  , 

Roll  time  constant 

■•V  / 

Normal  load  factor 

1  Sf> 

Roll  time  delay 

H 

Altitude 

Y 

Downrange  distance 
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Brief  History 


AMX  aircraft  (figure  1)  is  a  subsonic,  single  seat,  single  engine,  dedicated  attack 


developed  within  a  framework  of  a 
had  requirements  for  an  aircraft 
just  beyond  the  forward  edge  of 
capability  to  provide: 

-  close  interdiction 

-  close  air  support 

-  reconnaissance 
and  possibility  of: 

-  air  defense  and  offense 


joint, 
whose 
battle" 


Ital tan 
primary 
supporting 


and  Brazilian  programme.  Both  Air 
mission  would  be  "ground  support 
the  land  and  naval  forces  and 


i rcra it 
-  Forces 
at  and 
having 


jpabil ity  to  operate  at  low  altitude 


Therefore  the  main  design  aims  were  about  an  aircraft 
subsonic  speed  with  the  following  characteristics: 

-  large  external  store  capability  for  ground  attack 

-  air  to  air  missile  and  gun  for  the  air  defense 

-  low  sweep,  medium  thick  wing  to  adopt  a  sophisticated  "High  Lift  System"  for  adequate 
take-off  and  landing  performances. 

-  single  seat,  high  visibility  cockpit 

-  advanced  avionic  systems  for  navigation  and  we  pan  aiming  with  head-up 

-  high  survivability  to  continue  the  miss?  ion  de.pite  considerable  battle  damage. 

-  safe  return-home  capability  following  total  eieccrica i  arid  hydraulic  failure. 


SsiS/l 
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Flight  control  system  description 

The  AMX  flight  control  system,  therefore,  has  been  designed  as  a  "fail  operative"  system 
with  a  mechanical  "back-up". 

A  fly-by-wire  F.C.3.  provides  three  axes  control,  trim  and  compensation  employing  a 
dual-dual  digital  computer,  in  addition  to  analog  motion  dampers  for  all  three  axes.  The 
hydraulic  system  is  a  dual-source,  dual -redundant  throughout.  Normal  functioning  is  still 
ensured  after  the  first  electrical  and/or  hydraulic  failure  whereas  after  the  second 
electrical  failure  the  controls  are  provided  by  hydraulically  assisted  back-up  linkage 
on  ailerons  and  elevator.  These  revert  to  manual  following  the  second  hydraulic  failure, 
degrading  the  flying  qualities  to  level  3  for  the  longitudinal  and  lateral  stick  forces 
in  cruise  as  well  as  in  landing  flight  phases. 

Figure  2  shows  the  layout  of  the  aerodynamic  control  surfaces  assisted  by  mechanical 
(hydraulic  or  manual)  and  electrical  control  lines,  while  figure  3  shows  a  schematic  of 
these  connections. 

Flight  simulator 

The  AIT  Flight  simulator  has  played  a  very  important  role  since  the  very  beginning  in  the 
development  of  AMX  aircraft.  It  continues  to  support  flight  testing  on  the  instrumented 
prototypes  relevant  to  handling  and  manoeuvrability  of  aircraft  modifications.  At.  the 
moment  an  activity  is  in  progress  to  investigate  on  the  twin-seat  aircraft  behaviour  at 
high  incidence  angle,  in  the  post-stall  region. 

Part  of  an  expanding  simulation  complex  (figure  4),  the  AMX  simulator  is  a  fixed  base, 
fully  instrumented  cockpit  with  a  real  "head  up  display",  in  an  inflatable  dome  with  10m 
diameter.  A  "control  loading  system"  is  available  for  a  quick  change  of  stick  characteristics 
and  a  "G-suit,  G-seat"  system  is  available  to  improve  the  usable  cue  environments. 

Handling  Qualities  Requirements 

The  aircraft  is  basically  stable  and  not  completely  "fly-by-wire"  dependant.  From  the 
flight-mechanics  standpoints  it  has  therefore  been  designed  using  fundamentally  MIL-F8785-C 
requirement  as  a  design  criteria  and  generally  gocd  results  have  been  achieved. 

For  some  specific  tasks  the  MIL  Spec,  turned  out  to  be  insufficient  to  fit  the  flying 
characteristics,  so  the  need  for  more  demanding  requirements  arose. 

New  criteria,  in  time  and  frequency  domain,  developed  for  highly  unstable  aircraft  have 
been  a  good  aid  to  evaluate  the  handling  qualities  in  critical  flight  phases  with  the  pilot 
in  the  loop.  In  particular  they  have  been  usad,  both  for  longitudinal  and  lateral  control, 
for  the  landing  task  and  to  predict  behaviour  during  precise  tracking  in  weapon  aiming  or 
in  flight  formation. 

A  good  help  has  been  found  also  with  some  new  criteria  developed  for  high  angle  of  attack 
and  used  to  predict  and  to  improve  the  aircraft  manoeuvrability  near  the  stall  incidence 
angle  and  the  aircraft  departure  and  spin  susceptibility  in  the  post-stall  area. 


LAMPING  TASK 

one  of  the  most  difficult  tasks,  which  often  involves  serious  safety  problems,  certainly 
is  the  landing  task.  In  particular  the  performance  landing  on  a  short  runway  with  a  precision 
touchdown  point  tends  to  drive  up  pilot  workload  with  a  very  tight  loop  closure.  For  this 
reason,  AMX  has  been  evaluated  against  some  of  the  more  recent  landing  criteria  developed 
for  "fly-by-wire"  aircraft. 

Longitudinal  control  in  landing 

The  iOngitudinal  control  in  landing  is  a  very  complex  multitask  that  involves  pitch  control 
using  the  stick,  and  speed  control  using  thrust  and  aerodynamic  draq.  The  criteria  for 
this  task  (Ref.l)  usually  consider  only  the  short  period  step  response  at  constant  speed 
with  flight  path  control  as  a  primary  task.  For  a  conventional  aircraft  without  a  "lift 
control"  it  is  achieved  by  the  pitch  control  which  cannot  be  decoupled  from  the  flight 
path . 

In  such  a  context,  the  time  delay  t ,  between  the  step  control  input  and  the  flight  path 
angle  response,  could  be  equally  or  more  valuable  as  a  metric  than  tne  short  peric-c  criteria, 
to  which  it  is  directly  related. 

Further  parameters  (defined  in  ret . 1  )  affecting  the  pilot  rating  during  the  flare  manoeuvre 
depend  on  the  pitch  acceleration  and  p^tch  rate  response. 

Suggested  landing  opt  mum  les  el  1  values  for  these  parameters  are: 


flight  path  angle  delay 
time  at  pitch  rate  peak 
time  at  pitch  accel.  peak 
pitch  rate  ratio 
pitch  attitude  dropback 


l.bsei 
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All  these  figures  have  generally  been  considered  as  guide-lines  but  the  transient  step 
response  alone  does  not  completely  address  the  mere  complex  landing  problems  like  overcontrol 
or  PIO  conditions  approaching  the  touch-down  point. 

In  Ref. I  the  time  response  criterion  is  integrated  with  a  frequency  response  ci iter  :o», 


reflecting  the  past  experiences  .1  its  author.  It's  based  on  thw  ai»»;iBipt.ion  that,  in  the 
frequency  range  used  by  the  pilot  for  the  pitch  aircraft  control  <up  to  0.25-0..  5  Ha:)  the 
phase  lag  shall  be  less  t.lu.n  120  deg.  Furthermore  in  thi«  range  th*  rftt.pons«  must  be  neither 
too  sluggish  nor  too  abrupt. 

At  higher  frequency  instead,,  the  pitch,  control  does  no c  particularly  influenced  the 
aircraft  response,  nevertheless  limits  on  the  amplitude  attenuation  and  on  phas-e  rats  level 
lira  to  be  applied  in  order  to  avoid  PIO  conditions. 

The  fundamental  bohav^our  observed  in  landing  PIO  is  the  unconscious  ,'xtick  activity  called 
"stick  puiroing"  that'  the  pilot  exerts  during  the  runway  approacn  -  few  second  before  the 
touch-down. 

This  activity  occurs  at  a  frequency  where  the  pitch  acceleration  is  nearly  in  phase  with 
the  stick  deflection  input  and  at  an  amplitude  of  about  6.S r/ng/ «,<*(■' 

These  time  and  frequency  criteria  have  been  trover  a  good  guide-line  to  evaluate  the  landing 
control  lability  in  trie  frequency  range  o'  aircraft  control. 

Figure  5  shows  a  classical  time  and  frequency  response  age intst  the  above-mentioned  criteria, 
for  a  typical  landing  condition  in  "High-Lift"  conf igurat Aon,  low  speed,  gear  dew;.. 

Th,a  time  response  parameters  reflect  the  optimum  range  values  and  they  are  rot  particularly 
affected  by  the  landing  conditions .  The  fre.juency  response  fulfils  the  expected  limits 
with  a  pilot  gain  0.9  ar.d  a  cross-over  r requercy  at  120  deg  phase  lag  c.f.  about  0.3  Hz, 
The  pumping  frequency  is  about  1.1  Hz  with  a  correspond: ng  amplitude  of: 
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Tne  stick  deflection  to  reach  the  threshold  pilot  sensibility  to  tha  pitch  acceleration 

of  nth  i//m  "  is ■ 
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Flight  test  data,  shewn  in  figure  6.  confirm  this  figures.  The  pumping  activity  just  a  few 
seconds  before  the  touch-down  s  performed  by  tne  pilot  with  a  frequency  and  stick  amplitude 
according  tc  prediction  and  no  tendency  to  overoontrol  or  divergent,  oscillation  are 
not  ,i  rouble . 

Lrtermi  control  in  lending 

For  the  lateral  control  in  landing  flight  phase,  shortage  of  availed®  data  have  not  yet 
allowed  to  draw  a  specific  ciiferion  even  if  the  basic  rules  of  a  quite  large  attenuation 
*t  ISO  dog  phas»  lag  (  15-20  db)  and  a  crossover  frequency  higher  than  1.0  Hz  are  to  be 
considered  useful  to  prevent  PIO  conditions.  For  lateral  control  no  unconscious  , iiot 
activity,  like  the  longitudinal  stick  pumping,  is  performed  e&  a.  PIO  catalyst  during  the 
landing  approach. 

The  AMX  lateral  vcritro-  is  considered  oy  the  pilots  satisfactory  too,  and  adequate  to  ailow 
a  performance  landing  with  a  precise  contact  point. 

Curing  tr.e  flight  resting  diffeiei.t  F.C.S.  standards  with  various  level  of  roll  control 
sensitivity  have  been  tested,  come  occasional  tendency  tc  lateral  divergent  oscillation 
approaching  the  unway  has  tea-  experienced  particularly  for  short  field  landings  where 
tnt:  pilot  wc-iKioad  is  somewhat  intreeced . 

Figure  ~>  re  bars  to  an  APX  iancing  in  :be  acove-ment  ioned  condition  The  initial  large 
lateral  auck  del lectior ,  used  to  counteract  an  unexpected  lateral  atmospheric  disturbances, 
demands  large  jurfare  deflection  reaching  the  actuator  rate  limit.  The  rate  limit  decreases 
considerably  the  stability  margin  of  the  open  loop  pilot-aircraft  bank  attitude  control. 

Figure  8  presents  the  ateral  time  and  frequency  response  oi  a  typical  landing  condition 
*n  "High  lift"  configuration,  low  speed,  gear  down.  No  criticalities  come  up  from  the 
linear  analysis,  but  a  different  situation  is  highlighted  if  the  control  system 
ncn-l inourities  are  considered. 

Figure  5  shown  a  frequency  response  comparison  between  linear,  non-linear  small  oscillation 
and  non-  ! .meat  large  oscillation  systems.  The  non-linear  small  oscillation  is  very  similar 
to  h,E  linear  response  up  to  the  higher  frequencies  where,  due  to  a  small  dead-zone  on 
spoilers  deflection,  a  small  loss  of  gain  margin  ant  phase  rate  is  evident  For  large  stick 
inputs,  instead,  a  large  non-linearity  due  to  the-  actuator  rate  saturation,  considerably 
reduces  the  phase  and  gain  margin  .thereby  entering  a  F 10  condition. 

From  the  latter  case  emerges  that:  the  pilot,  using  a  "high  ge in"  ft t  different  emergency 
situation,  low  visibility  or  unfavourable  atmospheric  condition,  can  reach  a  PIO  condition 
due  to  large  amplitude  lateral  stick  motion  This  could  b  promptly  recoverable  within  few 
cycles  if  the  stick  deflection  is  kept  to  a  minimum,  thereby  reducing  the  spoiler  demand 
and  avoiding  the  actuator  rate  'uniting. 


Generally,  lateral  stick  activities  similar  to  longitudinal  stick  pumping  is  not  often 
i  sen  in  the  landing  phase.  However,  the  flight  test  time-histories  of  figure  10  show  a 
-are  example  cf  small  lateral  excitation  corresponding  to  cross-over  frequency  of  j.i  Hz 
at  180  deg  of  phase  lag  (figure  5}  without  any  tendencies  toward  liv-  < gent  oscillations. 


XBHC&ULQ  CHARACTERISTICS 

Both  longitudinal  And  lateral -directional  flying  qualities  of  a  combat  aircraft  are  very 
important  for  a  successful  mission. 

The  tracking  characteristics,  Abfact,  are  highlighted  in  the  moat  critical  phases  of  an 
operative  mission  such  as  ground  attack  with  either  qun  or  vo«fo.*'  aiming  mnin,  or  during 
In-flight  refuelling  or  close  flight  formation.  However,  it  it.  during  these  phases  when 
continuous  small  control  inputs  are  necessary  to  reach  the  final  or  a  constant  line-up. 

For  a  such  important  tcsks,  as  a  revolt  of  a  specif!  •;  investigation,  some  time  and  f r^guenvy 
criteria  have  been  considered  to  evaluate  the  kHX  ’'fine  tracking  chr.ractorist'es. 

Lateral -d  irecti  onal  txaeJsica  rac’lix.'Siaffrit 

The  primary  lateral-directional  control  task  is  the  control  of  the  ban),  angle  oy  use  ct' 
lateral  stick.  The  equivalent  transfer  function  relating  the  dynamics  of  this  task  can  be 
obtained  by  reducing  the  high  order  system  over  the  frequency  range  from  0.)  rad/sec  to 
10  rad/sec  based  on  the  principle  of  matching  the  bank  angle  to  lateral  control  and  the 
dutch  roll  to  directional  control  (Ref. 2): 

IL  1  >ts*  m4)e 

!■  ,„  ( s +  I  '  r  t )  ( v  -  ) /x,  )(<?■  -  -  u>;j) 

It  is  evident  that,  when  the  complex  dipole  cancels  out.  (to,  =  uud;f,4  >=  (.,,)  the  roll  rate 
response  is  not  contaminated  by  sideslip  excursion  in  the  dutch-roll  mode  and  the  major 
consequence  is  its  nen-osc.'  llatory  behaviour. 

when  dipole  cancellation  does  net  occur  lateral-directional  precision  tasks  both  in  the 
open  and  closed  loop  control  are  severely  affected.  A  potential  methodoluqy  that  can  be 
applied  in  this  case  is  the  Northrop  criterion  (Ref. 3).  To  tancal  the  -lex  roots  the 
criterion  uses  the  magnitude  ratio  'o,/oUj  and  the  real  axis  location  of  the  zero  with 
respect  to  the  dutch-roll  pole  . 

The  cancellation  uepen.ds  mitinly  on  the  valuer  of  oo,  and  <x>a  crid  to  a  lesser  extent  on  f,. 
and  f,(.  Hence  the  importance  of  uu,/u),,  as  a  parameter  whicn  determines  proverse  (00,/tOy  > 
1.)  or  adverse  (<*>,/ (a>„  <  1.)  yaw  tendency  during  the  roll  control. 

All  the  interactions  caused  by  this  quadratic  pair  are  lumped  under  th.s  general  heading 
of  and  f,»u),/y, „<!>,,  effects,  however  severe'  others  paraneters  play  an  important 
role  in  the  totality  of  effects,  such  as  3/i  ,,  i/v.  ,  r,p 

For  this  reason  the  application  of  the  requirement  implies  quite  a  number  of  guidelines 
which  must  oo  considered.  The  rcll,  spiral  and  dutch  roll  mode  hit,  requirements  should  first 
be  met  as  well  rcil  time  delay;  moreover,  small  to  medium  values  of  I4i/'|i|d  preferred. 

In  Ref .4  correlation  of  oilot  rating  with  the  parameter  (o, exhibits  different  trends 
as  a  function  of  1 4>  ■' I especially  with  low  f, ,  and  leading  to; 


=■■  l,o  for  I  ii'1'.  !,,  small 

0.75  <  u>4/(A)li  <  1.0  for  i  <)>/[■■  |l(  medium  to  large 

For  large  t,,  and  f, ,,  as  such  as  for  highly  augmented  aircraft  moating  level  1  requirements, 
is  generally  preferred. 

A  limited.  fixed  base,  simulation  of  the  lateral  directional  tracking  criterion  has  been 
carried  out  using  an  AKX  aircraft.  Several  F .  C .  3  configurations  have  bear  conoidered,  the 
nominal  along  with  the  degraded  states.  Theao  >,on figurations .  all  for  tho  same  flight 
condition  (one  cf  tha  most  critical)  have  been  reported  m  figure  13. 

The  simulation  activity  has  been  performed  using  Aerita ! id ' s  fixed  baas  simulator,  formation 
flight  has  been  simulated  uring  a  computer  generated  imago  oi  the  lec-J  aircraft  flying  ip 
the  same  direction.  The  pilot  was  asked  to  maintain  the  fixed  vector  displayed  on  t he 
H.U.D.  exactly  on  the  nozric  of  the  model  in  level  i]  Lght  or  in  a  45  deg  bank  turn  nanceuvit... 
if  course  during  the  who it  manoeuvre  ( 30  sec)  the  yaw  control  w an  free  ar.d  minimum  use  of 
longitudinal  control  was  recommended . 

The  average  and  integral  errors  on  lateral  and  longitudinal  motions  were  monitored  to 
indicate  the  quality  of  the  tracking  task  and  the  stick  activity  provided  a  measure  of  the 
pilot  workload.  Both  these  parameters  were  used  as  a  comparison  term  among  the  various 
cases  to  establish  a  correlation  with  the  analytical  prediction  (lateral  directional 
tracking  criterion)  . 


The  pilot  comments  tor  the  different  condition  were: 


1  FULL,  F.C.ti. 

2  C/K  OFF 

3  R/D  OFF 


4  Y/D  OFF 

b  R/D+Y/D  OFF 


Not  extremely  easy  to  control  in  roll  duo  to  the  sluggish  roll 
response  but  acceptable. 

Difficult  to  control  for  the  roll  and  yaw  oscillation  developed 
dur  ing  fch.~  task  (cross- feed  sff )  • 

Easier  than  1  became  the  faster  roll  response  and  the 
possibility  to  quicker  stop  the  bank  argle  (reil  5lfllQE££  Sf.X.)  ■ 

Very  difficult  to  perform  the  tracking  task  because  of  the 
divergent  oscillations  (yajW  damper  off)  - 
The  same  as  case  4 


6  C/F-rR/D  OFF 


Yaw  ascii ration, the  roll  control  seems  easier  than  case  2 


7  C/F+Y/O  OFF 


Strong  yaw  oscillations,  similar  to  case  6 


8 

9 


0/ F+R/D+Y/ D  OFF 


G1=2/3*G 


More  difficult  than  case  6  because  of  the  higher  oscillation 
in  roll  and  yaw. 

Easier  than  case  3.  ( reduced  gj>in  aileron/spoiler)  . 


The  average  error  of  the  differ* nt  F.C.S  canes  was  compared  in  figure  1Z  and  in  general 
a  gcod  correlation  of  error  levels  with  pilots  ccii»ent  w us  found. 

The  nominal  condition  (full  F.C.S.)  has  been  found  ightly  difficult  to  control  due  to 
the  sluggish  roll  response  even  if  the  roll  time  constant  meets  the  level  1  MIL  Spec.  A 
better  performance  has  been  found  for  conditions  3  and  9,  mfact  with  R/D  off  lower  roi  1 
tine  constant  leads  to  an  improvement  for  the  rcil  control  according  tc  the  pilot  opinion. 

The  worst  cases  were  conditions  4  and  b  because  of  the  low  damping  (  level  2)  and 
leading  to  pilot  induced  oscillation.  Points  6,7  with  (*.',<u>d  wore  considered  conditions 
quite  difficult,  to  control  but  they  were  found  to  satisfy  level  1  of  handling  qualities 
unlike  the  boundaries  in  tne  criteria. i. 

The  performance  fur  conditions  of  point  8  were  bordering  on  level  3,  but  still  preferable 
to  cases  4  and  5. 

Case  9  with  reduced  gain  ai leren/ spoilers  results  in  a  good  control  for  the  following 
reason : 


6„  '(' ,b„  <  0  for  u,  (adverse) 

C„i)u/C  ,ti„  >  o.  for  6S(J  (preverse) 

The  reduction  of  spoilers  deflection  leads  tc  a  decrease  in  proverse  yaw,  approaching  the 
best  condition  of  u)./uu,fl, 


A  general  agreement  has  beer  found  between  the  pilot  opinion  and  the  analytical  predictions 
based  on  the  lateral-directional  tracking  criterion.  The  left  hand  limits  of  the  above 
criterion  seems  to  better  define  the  tracking  difficulty,  while,  according  to  our 
investigation,  the  exact  position  of  the  right  hand  limits  is  disputable. 


ion  of  cue,  t 


task 


The  above  criterion  has  been  used  tr  predict  the  tracking  characteristics  in  the  following 
tasks : 


-  In-flight  refuelling 

-  close  flight  formation 
gun  aiming 

-  weapon  aiming 

ror  each  task,  application  of  the  criterion  predicted  tracking  characteristics  in  the  level 
1  region  for  all  the  considered  flight  conditions  and  external  store  configurations. 

Analytical  predictions  were  in  good  agreement  with  the  pilot:  rating  and  the  post-flight, 
analysis  for  all  the  tack  except  the  last  one. 

For  this  ca:;e,  significant  discrepancies  were  noted  for  certain  kind  of  external  stores 
and  pilot  rating  of  4  (Cooper  Harper  scale)  was  achieved  against  a  predicted  optimum 
condition. 


Following  a  careful  analysis  of  the  flight  test  results  a  parameter  has  been  focused  which 
bridges  the  gap  between  the  analytical  predictions  and  the  flight  results. 

Whereas  gun  aiming  can  be  related  mostly  to  the  heading  control,  the  precise  tracking 
during  weapon  aiming  with  the  "continuous  computed  impact  point"  (  CCIP  )  is  in  a  good 
approximation  a  bank  angle  control. 

The  steering  line  displayed  on  the  HUD,  representing  the  lateral  displacement  of  the  bomb 
impact  point.,  is,  infact,  correlated  to  the  bank  angle  as  shown  in  figure  13 


The  ratio  of  altitude  release  to  the  downrange  <?  stance  of  the  bomb,  (!!/,<  ),  is  u  key 
factor  in  eacablishin?  the  r«latio/..;hjp  between  the  ♦  /$,  and  .  I  tranafei  functions 
(figure  14). 

Figure.  14  shows  the  frequency  response  for  the  above  t.4.,fer  function  for  two  differer  : 
kind  of  bombs.  />  /  V  ratio  depends  on  the  balletic  characteristics  of  the  bombs  and  the 
flight  condition*  of  the  releaye,  As  the  ratio  approaches  to  1.0  the  aiming  task  appears 
to  the  pi lot  is  difficult  as  the  lateral  control  tusk.  In  case  of  low  speed,  high  dive 
angle  or  for  delayed  bombs,  (  i„e.  It/ A  >1),  tha.  frequency  response  curve  moves  toward  the 
closed  loco  resonance  area  and  latere r  P10  conditions  arc  achieved. 

Figure.  15  illustrates  this  concept  in  the  time-domain  through  d  o.  f .  ncn-IJnear 
sitrulavion  in  which  the  weapon  aiming  algorithm  is  uccountei  for.  An  ieie'l  pilot  (a  pure 
unity  gain)  acts  on  the  lateral  control  ir.  the  attempt  to  minimize  the  error  between  the 
reference  value  for  the  azimuth  (1.0  degree)  and  the  actual  one,  settled  initially  to  0.0. 

i/ith  H/X  -1.0  a  good  acquire  is  reached  without  overshoot  or  oscillations.  Reducing  the 
downrai'cie  distance  of  the  bomb,  X,  wi*.h  exaggerated  bomb  drag  to  have  /■//  \  ■*'d.6  (degradation 
of  open  loop  gain  of  approximately  lb  db/  the  steering  line  control  becomes  extremely 
difficult  and,  due  to  the  increase  of  the  syucoia  gain,  continuous  lateral  control  oscillation 
with  low  damping  is  induced  by  the  pilot. 

On  the  basic  of  the  above  consideration  on  the  diagram  of  figure  16  the  j  ine  H/X  **  1.0 
reflects  the  condition.*  for  which  the  weapon  aiming  task  is  very  similar  fcw  the  aircraft 
lateral  controllability.  The  area  standing  on  the  right  side  of  the  line  ///A  1.0  indicates 
conditions  of  an  easy  task,  whereas  proceeding  on  the  left,  side  a  more  and  more  difficult 
task  and  even  Pio  occurrence  are  to  be  expected. 

Flight  tests  confirm  thews  tendencies,  figure  1?  shows  a  different  target  tracking  behaviour 
for  two  different  flight  conditions  corresponding  to  the  points  A  r.nd  B  c.n  figure  Hi.  The 
point  A  represents  a  norm.'.l  ground  attack  condition  and  a  good  tracking  is  achieved  with 
a  small  pilot,  workload.  The  point  B,  instead,  in  the  area  of  reduced  controllabiiir.y , 
refers  to  a  tear  outside  the  bomb  delivery  envelope  with  the  pipper  elevation  out  of  the 
HUD  displayed  field.  In  the  latter  case  the  pilot  is  able  to  stabi] ise  the  steering  line 
on  the  target  with  enormous  workload. 

Once  the  relationship  has  been  established  between  the  A/C  lateral  controllability  and  the 
quality  of  the  weapon  aiming  task,  it  is  l-syimate  to  extend  the  tracking  criterion  to  those 
weapon  aiming  conditions  for  which  the  spurious  effects  related  to  the  bomb  characteristics 
(H/X)  are  minimized  (i.e.  the  conditions  related  to  the  H/X  -1.0  line). 

The  validity  of  such  an  assumption  his  been  verified  through  the  analysis  of  the  flight 
records,  the  still-photos  of  the  FUJI  v id -^recorder  and  tne  pilot  ratings. 

The  relative  error  between  the  target  and  the  CC1P  steering  line  during  precise  tracking 
has  beer,  evaluated  against  the  level  1  or  ?.  "Median  Lateral  Error"  criterion  as  well  as 
the  "Lateral  Error  Cumulative  Distribution  Function"  requirement,  according  to  which  the 
level  1  or  level  2  median  error  shall  be  50%  or 

It  has  been  found  that,  at  different  flight  condiciors  and  with  different  kinds  of  bombs, 
all  spreaded  around  the  ■  1.0  line,  were  appreciated  by  the  pilots  and  resulted  in 
agreement  with  the  "median  Apteral  error"  (figure  18) 

In  this  way,  from  all  the  conditions,  whi^r  fulfilled  the  Vino  lateral  hra-king  criterion" 
it  is  possible  to  pick-up  those  which  are  expected  to  be  satisfactory  also  for  the  weapon 
aiming  (H /  V  «  )  .J) .  Or  the  ct  he”  hand  tha  unsat ib "actor/  aiming  situation  can  be  improved 
by  acting  on  the  release  conditions  m  su  n  a  way  that  /'/.V<1. 


H  7 


HXflli.  IfWTJMMCC  JLiSXA.VXQW8 

Thti  Northrop  and  Wei soman  departure  criteria  have  been  applied  to  predict  the  departure 
conditions  and  to  estimate  the  effectiveness  of  the  corrective  actions  undertaken  both  via 
aerodynes) j c  change  -  and  via  FCS  modifications. 

The  considered  parameters  are: 

Cn ..  ,  ■»  i;«.*cosa  -  sin  a 

h'.vn  »'  !y  i' 

which  measures  the.  yaw  departure  susceptibility  when  the  incidence  angle  is  increased  as 
result  of  the  longitudinal  control  application. 


<-> is,.  '  —  f-rtosp  +  J.- 

/r/jp  - - - - - 

Cita  *■ 

The  lateral  control  departure  parameter  predicts  the  roll  reversal  when  the  rolling  moment, 
doe  to  the  adverse  yaw  overcomes  the  lateral  control  power. 

RpJX.Jtexi^£maxic.a.jai_.iu3U_anaIt  ^>JL..dtUicis 

The  roll  control  of  the  AMX  has  been  designed  to  meet  the  requirement  of  the  MIL-F-8785C 
expressed  ir.  terms  of  time-to-bank.  defined  for  1  "G"  flight  condition  and  lor  80%  of  the 
minimum  and  maximum  operational  load  factor. 

Beyond  tne  above  normal  load  factor  limits,  no  specification  i  given  for  the  roll 
performances,  while  from  an  operational  standpoint  it  is  desirable  t.o  maintain  a  suitable 
1  a  coral  manoeuvrability , 

In  the  a  range  approaching  the  stall,  AMX  exhibited  unsatisfactory  roll  performances  due 
to  a  rapid  change  of  lateral  and  directional  stability,  along  with  the  loss  of  lateral 
control  effectiveness.  Albeit  the  MIL  requirement  was  fully  satisfied  the  roll  capability 
resulted  as  being  a  1 imiting  factor  for  the  maximum  angle  cf  attack  allowed. 

The  phenomena,  increasing  the  incidence  angle,  were  at  first  evident  as  e  roll  hesitation 
and  then  as  a  roll  reversal. 

Figure.  19  shows  tne  in-flight  results  relevart  to  an  objectionable  situation.  With  a 
sustained  full  lateral  stick,  at  an  angle  of  attack  near  to  the  stall  a  large  sideslip 
build-up  generates  a  roil  acceleration  inversion  with  a  consequent  roll-reversal. 

Predictions  with  the  above  mentioned  departure  criteria,  reported  in  figure  2C,  show  t  lat 
the  aircraft  without  crossfeed  exhibit  a  rapid  loss  of  T.CDP  which  becomes  negative  at 
•n-values  lower  than  the  of-stu’l  by  come  degrees.  The  po,.nt  I,  i  figure  20,  is  the 
corresponding  point  for  the  in-flight  manoeuvre  o':  figure  19. 

To  improve  the  roll  performances  within  this  are.  ,  up  to  the  jfca.ll,  a  roll  --fco-yav  crossfeed 
has  been  designed  which  cause  the  rudder  to  be  deflected  ts  a  function  of  the  lateral  „n i 
longitudinal  stick  displacement.  The  advantages  associated  with  this  sol  ,tion  are  show:, 
in  figure  20:  the  !(';)/'  ■■is-  curv.s,  in  the  a  range  up  to  the  stall  moves  towa.-  h 

positive  value  of  LODI’. 

Flight  test.:  confirmed  the  predicted  improvement  for  the  r  11  ch  :  ractei  isticc  up  to  the 
stall  angle  as  can  be  seen  in  the  "time-histories"  presented  in  figure  1  related  to  trs. 
points  II  and  III  on  the  previous  analytical  criteria.  Tne  roil  manoeuvre  performed  at  t h- 
a-stall  (point  III)  is  still  acceptable,  even  if  the  low  LCD!'  contributes  to  generate 
continuous  roil  oscillation. 

Improvements  in  terms  of  roll  rate  versus  angle  or  attack  are  shown  in  figure  22. 

S.taU  .-behaviour 

The  approach  to  the  stall  and  post-stall  flight  trials  has  been  carried  out  through  a 
gradual  work  ud  according  to  the  following  steps: 

-increasing  the  nose-up  trim  setting  up  to  its  full  authority 
-moving  the  CO  rearward 
-increasing  the  energy  entry 
-sustaining  tt°  stall  up  to  15  sec. 

The  aircraft  motion  beyond  -.tall  is  characterized  by  a  bounded  wing  rock  which  develops 
into  a  slow  nose  slice  (yaw  rate  2-3  deg/sec)  when  the  stick  s  held  hard  back. 

The  wing  rock  J s  a  classical  or i  regular  r  >11  oscillation  developed  as  a  divergent  uutch-ro.il 
with  frequency  proportional  to  the  square  root  of  /„  and  amplitude  limited  t  -  the  non-linear 
roll  damping  cnaracter istics .  Time-historier  of  figure  23  vfer  to  a  flignt  test  record 
reflecting  the  conditions  of  the  point  IV  in  the  afore-mem ..  >ed  criteria. 


Stalls  aggravated  with  clinical  manoeuvres,  such  aa  full  back  stick-full  lateral  stick, 
showed,  for  the  clean  configuration,  a  moderate  roiling  departure.  Figure  24  shows  the 
flight  recorded  time-histories  of  such  a  behaviour  matched  with  a  6  d.o.f.  simulation 
program.  Moderate  angular  rates  are  reached  after  departure  and  due  to  good  longitudinal 
control  effectiveness  a  very  fast  recovery  is  possible  after  controls  release. 

This  is  in  a  good  agreement  with  the  departure  criteria  that  for  the  point.  V  predicts 
acceptable  stall  with  mild  rolling  departure  and  low  spin  susceptibility. 

Other  conditions,  like  flap  setting  or  store  configuration  have  been  evaluated  against  the 
departure  criteria  and  a  good  agreement  with  the  prediction  has  always  been  found.  For 
example  an  additional  increase  in  departures  resistance  is  predictable  and  was  experienced 
with  manoeuvre  flap  setting. 

For  this  reason,  to  improve  the  combat  capability  while  reducing  the  probability  of  departure 
and  the  pilot  workload,  especially  with  underfuselage  load  or  asymmetric  store,  an  automatic 
deployment  of  manoeuvre  devices  will  be  shortly  introduced. 
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Figure  3  AKX-EI RCTRICAL, HVDRAULIC  AND  MANUAL  CONTROL  CONNECTIONS 
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Figure  9  AMX-LANDING  APPROACH  LATERAL  FREQUENCY  RESPONSE 
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Figure  11  AMX  -  LATERAL  DIRECTIONAL  TRACKING  PARAMETER 
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Figure  15  AMX  -  CCIP  AZIMUTH  ACQUIRE  WITH  DIFFERENT  H/X  RATIO 
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Figure  16  LIMITS  ON  ALTITUDE  DELIVERY  H  VERSUS  DOWN RANGE  DISTANCE  X  FOR  GOOD 

CCIP  STEERING  LINE  CONTROL! ABILITY 


A*  • 


Figure  22  AMX  -  ROLL  RATE  IMPROVEMENTS  AT  HIGH  1IT  tOEMCE 
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THE  DEVELOPMENT  OF  ALTERNATE  CRITERIA  TOR  FBW  HANDLING  QUALITIES 
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SUMMARY 

Prov  v-slon  of  robust  FCS  an  J  structural  mode 
stability  margins  and  carefree  handling  ir> 
highly  unstable  combat,  aircraft  with  a  wid« 
range  of  tore  loading  requires  new  methods 
for  han  Ag  qualities  optimisation.  The 
possibilities  for  new  control  modes  and 
task-tailored  handling  have  been  greatly 
enhanced  by  modern  controls.  This  has  led 
to  development  of  many  alternate  criteria 
which  ware  tried  and  tested  in  two  digital 
FBW  research  aircraft,  the  EAP  and  Jaguar 
FBW,  and  have  been  further  developed  for 
use  in  cFA.  They  cover  the  field  of  flight 
path  and  attitude  bandwidth,  tracking 
precision,  pitcn  and  roll  acceleration 
dynamics  end  sensitivity,  PIO  prevention, 
and  enhanced  lateral-directional  damping. 
Derived  as  design  guidelines,  with  the 
facility  to  design  for  optimum  rather  than 
merely  acceptable  handling,  more  research 
is  needed  into  format  boundaries  for  Levels 
1,  2  and  3  specification's.  This  paper 
reviews  the  criteria  and  illustrates  some 
of  them  by  example. 


1.  INTRODUCTION 

It  ie  widely  acknowledged  that  fort-* I 
hand1 ing  qualities  criteria,  developed 
directly  from  the  flight  experience  of  the 
early  decades  and  formalised  initially  in 
the  1940’s,  are  inadequate  for  the  needs  of 
modern  control  system*.  While  this  was 
evident  in  the  many  handling  problems  of 
recent  years,  ranging  from  a  nuisance  to 
serious  difficulties,  it  is  also  the  result 
of  the  greatly  increased  possibi ’ itiee  for 
new  control  modes,  and  for  optimised  task 
tailored  handling.  The  clas.*;c,tsl  aircraft 
handling  of  the  past  was  determined  by  the 
basic  aerodynamics .  Later  the  skills  of  the 
cont.ro1  designer  were  added  to  replicate 
the  natural -eeemi ng  qualities  of  stick  f ee  i 
and  to  augment  tne  damping  to  a  limited 
extent,  fimple  modal  pa~ameters  etch  as 
frequency  and  damping,  a'though  describing 
only  the  flight  path  behaviour,  suff ,  ced  to 
quantify  in  general  terms  the  response 
character  i sties  both  to  pilot  inputs  and  to 
external  disturbances.  The  handling  of  the 
aup»raug*s»nt*d  unstable  combat  aircraft  of 
today,  and  i» creasing! y  also  with  future 
sirl'ners,  is  determined  a  boost  completely 
by  the  flight  rontre  1  syete.*.  The  resulting 
behaviours,  difforen  <ss  can  be  profound. 

This  has  b*.  gun  to  be  addressed  m  Ref.  i 
in  the  form  of  alternate  criteria  offered 
for  consideration  in  ;•**#  dee*  ,?n  process. 

»o*B8  c  *  treee  an.'  others  are  qi.cuaeed  in 
Ref*  2  to  t,  which  describe  how  handling 
qualities  ,  en  to  identified  from  elements, 
of  ti  aneier.t  and  ft  eouency  responses 
independently  of  the  FCS  complexity.  They 
can  therefore  be  i  .'.yj  -rrom  the  3783 
catabas-e  or  other  sources  cf  axoer  1  mental 
d«t.a,  requiring  t.ranr formation  into 
s  » it>p l  if  ted  forme  .  Tne  approach  f  ol  lowed  at. 


War ton  in  their  development  has  always  been 
to  establish  what  response  characteristics 
were  favoured  by  pilots  and  to  evolve 
methods  of  description  and  measurement, 
which  can  be  directly  associated  with 
pilots’  comments  and  their  perception  of 
task  performance.  This  work  has  been 
greatly  assisted  by  flight  experience  of 
two  highly  unstable  research  aircraft  with 
advanced  digital  FDW,  the  FBW  Jaguar  (5) 
and  the  EAP  (6).  While  the  criteria  used 
for  design  and  flight  clearance  of  the  :BW 
Jaguar  were  informal,  those  for  t.he  EAP 
were  comprehensive  and  completely  replaced 
sources  such  as  Ref. 7  in  formal  clearance 
processes.  Both  demonstrated  excellent, 
handling  and  complete  absence  of  PIO,  and 
the  criteria  methodology  has  become  the 
standard  for  the  EFA  aircraft  when  formal 
requirements  seem  less  appropriate. 

The  high  order  of  pome  control  systems 
has  often  been  blamed  for  poor  handling. 
However,  it  is  convenient  to  consider  the 
"erderedness"  of  handling  qualities  to  be 
related  to  the  phase  ranges  in  which  they 
are  primarily  generated,  rather  than  to  the 
order  of  the  FCS.  The  design  problem  then 
reduces  to  the  elimination  of  excessive  ai.d 
PIO-prone  high  order  effects  arising  from 
phr.se  lags  greater  than  the  classical  norm, 
ana  tncondly  to  the  provision  within  the 
cl  ass. cal  response  phase  lag  range  of  low 
order  qualities  optimum  for  given  tasks. 
These  may  differ  significantly  from  the 
classical  forms. 


2.  HIGH  ORDER  FI LOT  INDUCED  OSCILLATIONS 

"Low  order  PIu"  associated  wi  .h  pitch 
bobble,  o"erco,.trol  due  to  insufficient 
pilot  gain  adaptation,  improper  pilot 
closure  of  altitude  loops,  etc.  is  found  in 
classical  responses  and  is  not  specifically 
&  FBW  problem.  Bobweight  PIO,  although  not 
low  ordor,  ie  also  not  relevant  here.  This 
discussion  refers  only  to  PIO  caused  by 
gain/phass  deficiencies  in  FBW  control  law 
design,  which  can  be  considered  to  be  the 
principal  high  orde  problem  area. 

High  order  pitch  and  roll  PIO  is  quite 
clearly  a>.  unstable  attitude  loop  closure, 
with  a  '' synchronous ”  pilot  acting  as  a 
simrl*  gain  un  attitude  error.  Tins  mode' 
simplifies  the  task  *  identifying  and 
el  in.  if  sting  th  .  attitude  dynamics  which 
piovok.  a  PIO.  Whiie  a  somewhat  non- linear 
behavio  ir  is  often  sean  in  f 1 1  nt  records, 
with  the  stick  being  switch*  d  when  the 
attitude  rate  changes  sign,  lome times  with 
a  stick  dither  while  the  pilot  waii.e  for 
tne  next  switching  print,  it  is  unnecessary 
to  mode i  th's.  These  rctordt  also  suggest 
tint  ctick  posit ior  control  is  dominant,  and 
the  feel  dynamics  should  no*-  be  »m  1  tided  in 
t.he  analysis.  ,T  n  ,.h  >  s  loop  closure  model, 
instability  occurs  at  the  frequency  where 
the  attitude  phas*  lag  is  .80  degrees  or 


slightly  more.  Factors  which  have  been 
empirically  found  to  be  associated  with  PIO 
tendencies  are  the  gain,  the  frequency  and 
the  rate  of  increase  of  lag  with  frequency 
at  this  point.  The  latter,  more  simply 
known  as  the  phase  rate,  is  found  to 
correlate  strongly  with  PIO,  as  discussed 
in  Refs. 3  and  4. 

A  highly  effective  PIO  metric,  phase 
rate  is  readily  plotted  in  design  work  and 
Js  easily  Found  graphically  from  older 
'data.  Phase  slope  is  a  similar  metric, 
given  in  Ref.l,  which  has  been  developed 
further  in  Ref. 8  to  account  for  the  effects 
of  response  bandwidth.  The  typical  PIO 
combination  of  low  frequency  and  high 
attitude  gain,  marked  by  a  high  phase  rate, 
permits  large  amplitude  oscillations  in 
attitude  to  be  generated  within  t.he  control 
power  pitch  acceleration  limits.  The 
frequency  tends  to  be  high  when  the  gain 
and  phase  rate  are  low  and  therefore  not 
PIO  prone,  but  can  also  be  high  with  poor 
dynamics.  This  may  reduce  the  possible 
pitch  amplitude,  but  it  is  no  protection  at 
high  airspeed,  where  high  loads  are  easily 
generated.  The  destruction  of  an  F.4  at  800 
knots  on  the  third  cycle  of  a  PIO  in  under 
three  seconds  is  witness  to  this. 

The  frequency  plays  a  significant  part 
in  landing  PIO,  which  is  thought  to  grow 
out  of  the  stick  pumping  usually  exercised 
by  pilots  in  the  few  seconds  before 
touchdown.  The  Bihrle  theory  is  that  pilots 
excite  a  pitch  acceleration  of  about  +6 
deg/sec2  to  test  the  response.  This  is  done 
subconsciously  and  at  the  frequency  where 
it  is  closely  in  phase  with  the  stick 
input,  conventionally  well  above  the  short 
period.  The  utt. itude  lags  by  180  degrees 
and  so  resembles  a  PIO,  but  this  is  not 
observed  by  the  pilot  normally  because  at 
typical  frequencies  for  low  order  aircraft 
the  attitude  response  is  small.  With 
increasing  high  order  lags  this  frequency 
reduces  until  the  attitude  for  the  nominal 
acceleration  is  large  enough  to  become 
obvious  +  o  the  pilot.  A  ready-made  PIO  may 
then  occur  because  the  pre-existing  control 
oscillation,  harmless  as  a  subconscious 
input  tc  the  aircraft  pitch  acceleration, 
essentially  an  open  loop,  becomes  unstable 
as  a  pilot  gain  of  Ibs/degree  in  the  closed 
attitude  loop. 

A  PIO  <rrequency  gain  of  less  than  C.1 
deg reef/ lb  seems  to  be  associated  with  the 
absence  of  PIO,  but  a  higher  gain  may  be 
very  satisfactory  given  good  dynamics.  With 
a  low  gain  the  amplitude  limit  imposed  by 
the  maximum  possible  stick  inputs  does  not 
permit  a  large  PIO  oscillation  to  develop 
whatever  the  dynamics.  With  poor  dynamics, 
the  higher  the  PIO  gain  t.ha  more  easi’y  a 
PIO  will  be  triggered.  Pilots  may  use  the 
full  stick  travel  when  trying  to  regain 
control  regardless  of  the  forces  involved. 

It  is  especially  important  to  assess  the 
consequences  of  such  inputs  by  calculation 
and  in  simulation,  and  it  must  not  be 
assumed  tha*  "pilots  would  never  fly  like 
that "  . 

The  CaTspr.n  NT.  32  has  provided  most  of 
the  data  used  to  develop  or,  understanding 
of  the  prop lan. .  Two  examples  from  Refs. 9 
ana  10  n  Figs.*  and  2  illustrate,  some  task 
related  J  i  f  fere,  ,ces  anc  trie  simplicity  of 
analysis.  Both  have  exceptionally  poo- 
attitude  frequency  response  shapes,  nth  a 


rapid  increase  of  phase  lug  and  relatively 
high  gain  towards  and  at  the  180  degree  lag 
region.  The  high  phase  rates  are  associated 
with  severe  PIO.  Pitch  acceleration  is  also 
shown,  shifted  by  180  degrees  phase  angle 
eo  as  to  position  its  frequency  points 
directly  above  those  of  attitude.  The  pitch 
acceleration  is  exactly  in  phase  with  the 
stick  when  attitude  lags  it  by  180  degrees, 
and  its  gain  at  this  PIO  frequency  is  of 
great  importance  in  determining  the  nature 
of  the  PIO. 

In  the  Fig.t  example,  the  pilot  could 
not  track  because  this  always  resulted  in  a 
PIO,  which  diverged  when  he  tightened  his 
gain,  earning  ratings  of  8  and  9.  The 
response  shape  invokes  both  closed  loop 
droop  and  resonance,  and  despite  the  heavy 
stick  force  per  g  the  uncompensated  pilot 
attitude  gain  for  instability  is  only  3  lb 
per  degree.  Because  of  the  large  lag  built 
into  the  control  law,  pilot  compensation  is 
very  difficult  to  achieve.  With  a  high  feel 
stiffness  and  an  attitude  gain  of  /  degrees 
per  inch  of  stick  at  the  PIO  frequency,  it. 
is  not  surprising  that  an  oscillation  of 
about  +35  mils  is  the  best  the  pilot  could 
achieve  instead  of  a  satisfactory  2  mils 
median  tracking  error.  The  PIO  trigger  is 
the  act  of  tracking  initiated  by  the  pilot, 
a  conscious  decision  which  can  equally  be 
reversed.  The  threshold  pitch  acceleration 
of  about  6  deg/sec2  is  excited  by  inputs  of 
only  1  lb  or  0.05  inch,  and  as  the  PIO 
incurred  inputs  some  six  times  larger  the 
oscillation  could  be  tied  positively  to  the 
stick.  The  pilot  was  able  to  stop  the  PIO 
simply  by  abandoning  the  task. 

In  the  example  of  Fig. 2,  the  pilot 
could  complete  the  circuit  but  was  unable 
to  land  because  of  unstoppable  PIO  in  the 
flare,  earning  a  rating  of  10.  The  record 
shows  stick  pumping  as  predicted,  although 
the  pitch  acceleration  amplitude  is  less 
than  the  nominal.  This  may  be  due  to  the 
combined  'ow  frequency  and  response  gain 
requiring  a  stick  force  of  +6  lbs  fer  the 
threshold  acceleration,  rather  high  for  a 
subconscious  activity.  Pilots  do  exhibit 
considerable  variability,  however,  from 
slight  to  Highly  active  pumping.  At  10  to 
15  seconds  the  PIO  is  triggered,  possibly 
after  increasing  the  pumping  to  generate  a 
more  positive  "feel"  for  the  response.  The 
sudden  reduction  in  amplitude  indicates  the 
start  of  the  unsuccessful  attempt  to  get  it 
under  control.  The  increased  frequency  when 
switching  from  pumping  to  PIO  seems  to  be 
typical . 

Tne  landing  PIO  has  a  negligible  direct 
effect  or  the  flight  path  task  in  hand,  and 
the  pumping  wh-ch  may  be  the  trigger  is  not 
part  of  the  task.  Large  stick  forces  and 
■displacements  have  to  be  applied  before 
there  is  much  sense  of  a  directly  commanded 
response  because  the  pitch  acceleration 
gain  is  so  low  In  one  such  case  a  pilot, 
holieved  that  the  motion  consisted  ■  f  some 
initial  turbulence  response  followed  by  a 
pitch  up  which  did  not  immediately  respond 
to  his  application  of  full  f  orwa>  rl  stick, 
completely  unaware  that  he  was  in  a  classic 
PIO  driven  entirely  by  his  control  inputs. 
Given  that  the  aircraft  is  about  to  contact 
the  ground  in  a  very  unsafe  attitude  and 
t.nat.  it.  has  apparently  gone  out  of  control, 
freezing  the  stick,  and  overshooting  is  not 
usual  iy  seen  as  an  option. 


Although  the  pitch  acceleration  is  in 
phase  with  the  stick  during  the  example 
PIO’s,  a  serious  deficiency  is  evident  in 
the  rapid  increase  of  phase  lag  at  higher 
frequencies.  In  the  classic  response, 
acceleration  phase  angles  decrease  from  a 
lead  at  low  frequencies  to  zero  at  high 
frequencies.  This  results  in  an  immediacy 
of  response  to  stick  inputs,  effected 
physically  by  the  direct  equivalence  of  the 
control  surface  and  stick  motions.  This  is 
not  affected  significantly  by  the  addition 
of  actuation  lags  of  any  reasonable  quality 
or  by  the  presence  of  feedback  paths.  With 
increasing  lag  in  this  forward  path,  high 
order  handling  problems  may  be  expected  as 
the  immediacy  of  responso  to  the  stick  is 
lost.  The  LAHOS  results  showed  that  a 
single  0.25  second  lag  stick  filter  added 
to  a  low  order  FCS  could  be  catastrophic 
although  in  another  configuration  a  0.5 
second  lag  altered  the  pilot  comments  but 
not.  the  rating.  With  the  proper  attention 
given  to  the  forward  path  design,  both  the 
FBW  Jaguar  and  the  EAF*  with  typically  36th 
order  pitch  FCS  have  demonstrated  excellent 
handling  free  of  any  PIO  tendencies 

Hence  the  common  attribution  of  high 
order  problems  to  the  complexity  of  the  FCS 
design  is  misplaced.  In  simple  terms,  the 
absence  or  otherwise  of  such  problems  can 
be  qualitatively  identified  by  the  extent 
to  which  a  stick  signal  is  adulterated  by 
lags  in  the  forward  path  to  the  control 
surface.  It  is  never  necessary  to  accept 
their  presence  as  a  consequence  of  feedback 
design  as  they  can  always  be  circumvented. 

A  quantitative  measure  of  acceptability  is 
the  pitch  acceleration  peak  rise  time, 
which  should  revar  exceed  about  0.25 
seconds  or  ideally  much  less.  Because  of 
their  nature,  handling  difficulties  from 
this  source  rapidly  turn  into  closed  loop 
problems  which  should  be  analysed  in  the 
frequency  plane  as  discussed  above. 

3.  TASK  RELATED  HANDLING  QUALITIES 

The  tasks  performed  by  an  aircraft 
require  it  either  to  be  directed  along  a 
given  flight  path  or  to  be  pointed  in  a 
given  direction,  usually  at  different  times 
but  sometimes  both  together.  For  most  of 
the  flight  time  the  primary  task  is  control 
of  the  fl  ight  path,  but  in  a  general  sense 
the  pi  lot  effects  manoeuvres  by  control  of 
attitude.  This  may  dominate  the  perception 
of  the  general  handling  as  well  as  being 
crucial  for  precision  pointing.  The  measure 
of  the  short  term  pitch  response  is  usually 
the  manoeuvre  margin,  with  the  related 
short  period  frequency  arid  damping  which 
essentially  quantify  the  dynamics  of  the 
angle  of  attack  mode.  This  determines  only 
how  rapidly  the  flight  path  single  rate 
commences,  with  a  magnitude  proportional  to 
the  g  and  the  inverse  of  true  spaed.  The 
pitch  rate  is  equal  first  to  the  transient 
angle  of  attack  rate  and  then  to  tne  steady 
flight  path  angle  rate,  in  proportions 
fixed  by  frequency,  damping,  wing  loading, 
lift  slope  and  »  ie  speed.  No  formal 
specification  exists  to  define  this  complex 
attitude  response. 

At  the  end  of  trie  1940’s,  the  handling 
of  some  50  types  hac  been  analysed  by  NACA 
and  the  data  formed  the  baeia  for  new 
military  handling  quality  specifications, 
which  included  the  short,  period  response 
among  man,  other  equally  important  metrics. 


As  discussed  in  Ref. 4,  such  aircraft, 
generally  with  modest  wing  loadings  and 
high  lift  slopes,  did  not  require  large 
changes  in  angle  of  attack  for  manoeuvre. 
The  corresponding  attitude  transients  were 
moderate  and  good  tracking  performance  was 
often  achieved,  as  seen  in  many  WW.2  gun 
camera  films.  Later  types  were  faster, 
heavier,  eventually  supersonic,  flew  to 
much  greater  altitudes,  and  lacked  natural 
feel.  Because  of  the  degraded  handling  they 
required  stability  augmentation.  Research 
to  define  satisfactory  qualities  led  to  the 
still  current  specification  of  short  period 
frequency  limits  related  to  the  ratio  of  g 
to  angle  of  attack.  This  reflects  the 
natural  behaviour  of  aircraft  with  constant 
manoeuvre  margin.  The  frequency  is  related 
to  equivalent  airspeed  and  the  pitching 
moment  to  trim  a  given  g  increment  is 
constant.  This  results  in  the  fixed  upper 
and  lower  CAP  limits  of  initial  pitching 
acceleration  per  g. 

The  specification  therefore  includes  a 
partial  element  of  attitude  sluggishness  or 
oversensitivity,  but  only  in  the  first 
instant  of  the  angle  of  attack  response. 

The  subsequent  attitude  time  history  is 
undefined.  Refs. 2  and  3  show  how  this  can 
be  precisely  defined  by  ths  parameters  of 
attitude  dropback  or  overshoot  and  the 
pitch  rate  overshoot  characteristics.  These 
can  vary  widely  for  fixed  points  within  the 
standard  specification,  which  gives  no 
design  guidance  for  precision  attitude 
control  tasks.  The  pilot  ratings  in  past 
research,  often  inconsistent  when  related 
to  short  period  metrics  alone,  frequently 
become  well  correlated  when  attitude 
parameters  are  accounted  for.  Any  one  of 
the  many  formats  in  which  handl  ing  data 
have  been  presented  in  past  literature  can 
be  augmented  to  include  such  effects,  which 
usually  illuminate  t.h®  reasons  for  th« 
choico  of  handling  boundaries  in  terms 
which  identify  the  physical  response  seen 
or  felt  by  the  pilot. 

The  freedom  to  obtain  desired  handling 
qualities  by  feedback  adjustments  may  be 
severely  constrained  in  a  highly  unstable 
and  flexible  aircraft  by  the-  difficulty  in 
providing  adequate  stability  margins  in 
both  flight  response  and  structural  modes. 
For  any  level  of  stability,  a  powerful  and 
flexible  technique  is  command  filtering-, 

8y  this  means  it  is  possible  to  perform  all 
or  most  cf  the  compensation  otherwise  left 
to  the  pilot,  who  is  then  able  to  act  as  i. 
simple  gain  controller  and  to  devote  full 
attention  to  developing  a  small  time  delay 
for  compensatory  tracking.  The  compensated 
aircraft  response  qual  ities  can  be  .--slated 
to  standard  low  order  character istics  after 
the  adverse  high  order  effects  discussed 
above  are  eliminated  separately. 

3.1  Attitude  Tracking 

For  pure  compensatory  target  tracking, 
in  which  only  the  error  is  displayed,  ths 
optimum  attitude  model  K/8  is  well  known. 

In  real  track  i  ng  a  mixture  of  pursuit,  and 
compensatory  tracking  will  be  employed,  but 
even  so  the  beat  results  will  be  obtained 
with  a  response  closely  resembling  K/8 . 

Tnie  is  often  described  verbally  aa  "The 
nose  follows  the  stick",  associated  t  i  t.h 
nominally  zero  attitude  dropback ,  though 
small  values  of  dropback  or  overshoot  can 
be  acceptable.  Thu  pitch  rate  overshoot 
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needed  in  the  initial  transient  to  achieve 
the  non  inn  I  K/S  response  is  not  to  be 
confused  with  low  damping.  However,  too 
much  will  produce  excessive  attitude 
dropback,  which  will  also  be  step-like  if 
the  transient  is  very  rapid.  There  will  be 
a  confusing  mixture  of  apparent  attitude 
overshoot  followed  by  dropback  if  it  is 
slow  to  settle.  With  a  fast  response,  zero 
pitch  rats  overshoot  with  a  corresponding 
attitude  overshoot  can  give  satisfactory 
tracking . 

Typical  problems  are  illustrated  in 
Fig. 3  by  examples  from  Rofa.11.  It  had  been 
intended  to  find  out  if  stick  feel  changes 
could  degrade  the  handling  of  a  case  on  the 
Level  1  upper  frequency  limit  to  Level  2  in 
precision  tracking  tasks.  However,  Level  1 
ratings  could  not  be  achieved  at  all,  even 
after  frequency  reduction.  The  transient 
attitude  response  can  be  derived  from  the 
basic  modal  parameters  given  in  such 
reports.  A  step  control  input  is  assumed 
which  is  removed  at  the  instant  whan  a 
target  attitude  is  reached.  This  shows  that 
the  large  attitude  drop back  and  pitch  rate 
overshoot  for  both  frequenc ies  ensured  that 
the  exercise  could  not  succeed. 

In  Ref. 12  the  superaugmented  FCS  was 
configured  to  produce  a  close  low  order 
natch  of  a  selected  moderate  frequency  and 
CAP.  General  flight  tasks  received  Level  1 
ratings,  but  fine  tracking  was  rated  Level 
2  because  of  excessive  pitch  bobble.  This 
was  shown  in  the  attitude  response  for  the 
nominal  20,000  ft/0.7M  case  by  the  large 
o.4  second  dropback  and  significant  pitch 
rate  overshoot.  The  rating  could  riot  bn 
improved  by  any  acceptable  variation  in 
frequency  or  damping.  Level  1  ratings  were 
achieved  by  adding  a  lag- lead  stick  path 
filter  to  replace  the  numerator  zero  by  an 
effective  l/V8z  value  which  reduced  the 
dropback  to  0,17  seconds.  This  leaves  the 
attitude  response  in  the  conventional  low 
order  form  but  the  flight  path  response 
contains  the  additional  lag- lead.  For  other 
designs  a  non-classical  form  is  is  equally 
possible  in  the  attitude  response. 

The  effects  of  attitude  bandwidth  can 
be  observed  in  the  step  response  initial 
transient,  eg  the  time  at  the  peak  pitch 
rate  and  the  time  to  settle  to  steady  rate. 
It  is  better  to  measure  this  closed  loop 
parameter  in  the  frequency  response.  The 
definition  here  is  that  of  the  Bandwidth 
Criterion  in  Ref . t ,  the  frequency  where  the 
attitude  lag  is  135  degrees.  This  loosely 
rerambling  the  45  degree  phase  margin 
point,  and  it  car  tve  considered  as  the 
effective  boundary  between  the  low 
frequency  dynamics  used  by  the  pilot  for 
task  performance  and  the  higher  frequency 
region  whose  effects  are  an  intrusive 
nuisance  if  not  adequately  suppressed.  Refs 
•?  and  3  used  trie  120  degree  mg  frequency 
for  this. 

Fig. 4  shows  three  typical  response 
shapes  for  a  hypothetical  configuration 
used  in  a  tracking  simulation.  Shape  a  n as 
a  rapid  short  period  flight  pair  response 
giving  pood  attitude  bandt  uth,  but  it  has 
large  dropback  of  6  se<  wds.  Sh  ,.pe  : 
achieves  «ru  dropba  k  by  rwcucea  frequency 
anu  a  stick  *i Iter  to  mow  if y  toe  apparent 
1  / T Or  with  a  great  ly  reduce  1  bt-ndw  idth. 
Shape  rotai  u:  the  original  a.  '.nicy  arm 
ichieves  zero  or  opt  ck  ent.  i*r.  b.  a  st  ic< 


lag-lead  filter,  with  only  slight  bandwidth 
reduction  In  the  task  of  repeated  target, 
re-acquisition  and  fine  tracking,  the 
relative  tracking  efficiencies  of  A,  E5  and 
C  were  1.0,  1.035  and  1.3  respectively.  A 
relative  value  of  1.7  was  achieved  by  a 
different  configuration  with  smaller  T8z 
and  even  higher  bandwidth,  with  near  zero 
dropback . 

Such  results  show  that  for  excellent 
fine  tracking  performance,  high  bandwidth 
is  not  sufficient  and  near  zero  dropback  is 
necessary  but  not  sufficient.  The  best 
results  are  obtained  with  high  bandwidth 
and  near  zero  dropback  combined,  which  will 
generally  require  a  non-classical  response. 
Specification  of  a  maximum  bandwidth  seems 
unnecessary .  The  maxima  in  the  Bandwidth 
Criterion  and  the  Northrop  Criterion  are 
due  to  the  classical  response  which  results 
in  excessive  attitude  dropback.  The  ideal 
but  unreal isable  K/S  has  infinite  bandwidth 
with  zero  dropback.  As  shown  in  Ref. 4,  the 
natural  bandwidth  variation  is  proportional 
to  airspeed,  and  this  should  be  reflected 
in  specification  of  &  .minimum  in  the  same 
way  as  the  short  period  frequency. 

3.2  Flight  Path  Ta sks 

TOz  is  often  referred  to  as  the  flight 
path  lag,  arising  from  the  path  to  attitude 
relationship.  It  does  not  appear  in  the 
path  to  control  input  transfer  function  and 
is  more  properly  known  as  attitude  lead. 
Quickened  velocity  vector  and  climb-dive 
HUD  information  allow  the  pilot  to  control 
flight  path  directly.  While  the  attitude 
character istics  have  an  important  part  to 
play  in  the  predictability  of  the  response 
by  giving  the  pilot  phase  advanced  cues  to 
the  future  flight  path,  control  of  the  path 
as  the  primary  task  is  effected  through  the 
flight  path  angle  time  oelay  determined  by 
the  short  period  frequency  and  damping 
(Ref.2).  It  increases  inversely  with  speed 
and  represents  a  constant  distance  at  a 
given  altitude.  In  closed  loop  flight  path 
control,  the  path  angle  bandwidth,  defined 
as  the  135  degree  phase  lag  frequency,  is 
of  significance. 

Air-to-air  combat  requires  an  agile 
path  response  but  does  not  depend  on 
following  a  uniquely  prescribed  path.  Tne 
path  delay  distance  can  be  as  little  as  50 
metres  or  less  for  the  highest  possible 
agility,  where  only  the  problem  of  pilot 
incapacity  through  rate  of  g  onset  might 
set.  a  minimum  limit.  A  curiosity  of  the 
no t-e lass i cal  response  filtered  to  zero 
dropoack  tor  optimum  pitch  tracking  is 
that,  regardless  of  how  high  the  attitude 
c,.ndw  i  dth  is  mode ,  the  path  time  delay  is  a 
constant  TSz  seconds  and  the  path  bcridwidth 
approaches  but  can  never  exceed  1/T8* 
rad/sec.  The  effect  is  always  «  slower  g 
response,  termed  "&  creep"  in  Ref. 12,  but 
which  can  still  give  satisfactory  target 
acquisition  especially  at  low  altitudes. 

This  may  not  be  so  at  high  wi  n g  loadings  or 
at  higher  altitudes  because  of  increased 
TO*  The  use  of  direct,  lift  can  enhance  the 
path  response  but  few  conf 1  gura  i,  i  ons  can 
generate  enough  to  match  more  than  a  small 
proportion  of  the  lift  due  to  pi  ten 
rotation.  The  design  flexib  lity  inherent 
in  stick  command  shaping  techniques  permits 
optimisation  of  either  the  fli.hr  path  or 
attitude  response,  cr  of  a  fixe  -ompromise 
between  them,  or  of  an  amp 1  ,  r.ude  dependent 


responses  graduated  from  precision  attitude 
to  rapid  flight  path. 

In  terrain  following  a  prescribed  path 
is  computed  but  it  does  not  require  great 
agility.  Pulling  up  well  in  advance  of  an 
obstacle  for  minimum  clearance  in  level 
flight  is  not  much  affected  by  flight  path 
delay.  Pilot,  confidence  is  enhanced  by 
smooth,  precise  attitude  handling  when 
flying  at  extremely  low  altitudes,  even  for 
heavily  loaded  types  where  this  could  give 
a  one  second  or  300  metre  path  delay.  .In 
the  exper irrrent  of  Ref  ,  13  the  terrain 
following  display  was  quite  insensitive  to 
short  period  dynamics.  The  satisfactory 
boundary,  which  could  bo  interpreted  as  a 
0.6  second  or  200  metre  path  delay  limit., 
seems  to  have  been  selected  ty  routine 
manoeuvres  and  was  probably  influenced  by 
the  sluggish  attitude  overshoot,  Ref. 3. 

Flight  refuelling  is  a  demanding  task, 
requiring  exact  alignment  of  che  flight 
path  with  the  mean  path  of  the  drogue  or 
flying-boom  tanker.  However,  the  tests  in 
Ref. 9  showed  very  clearly  that  a' though  the 
absence  of  high  order  attitude  control 
problems  is  essential,  excal lent  attitude 
tracking  characteristics  are  not  required. 
The  best  conf iguratiens  had  small  path 
delays  of  about  0.3  seconds  (equivalent  to 
50  metres  distance)  or  less,  with  a  large 
attitude  bobble  which  was  not  too  intrusive 
because  of  the  very  small  control  inputs 
used.  Cases  IB  and  2D  achieved  a  pilot 
rating  of  1  with  dropback  and  pitch  rate 
overshoot  values  of  about  0. 5/2.0.  Case  2A 
was  rated  2.5  but  tended  to  unpleasant 
oversensi ti v i ty  with  values  of  0.73/3.4. 

The  attitude  tracking  ratings  were  4/5/S/7 
(IB),  2/2. 5/3  (2D),  and  3/4  (  2A. ) .  The  NT. 33 
with  its  quite  small  0.8  second  value  of 
TBs  was  not  fully  representative  of  modern 
higher  wing  loading  configurations  at 
refuelling  altitudes,  where  for  similar 
path  delays  the  attitude  transients  are 
larger.  The  data  from  Ref. 14  indicate  that 
the  path  delay  should  not  exceed  about  0.7 
seconds.  If  a  flight  refuel  FCS  mode  is 
required,  it  should  probably  respect  such 
values  for  both  path  and  attitude,  as  far 
as  is  possible.  The  data  available  from 
more  recent  types  are  insufficient  to 
generate  a  formal  criterion. 

Performance  of  the  approach  and  lsnding 
task  depends  on  control  of  the  flight  path, 
but.  this  is  a  function  of  many  parameters 
such  as  front-  or  back-side  drag,  thrust 
response,  phugoid  and  speed  stability,  time 
and  distance  available,  ground  effect,  etc, 
as  well  as  the  basic  short  tei  m  response 
which  underpins  all  the  others.  The  most 
significant  open  loop  parameter  is  the 
flight  path  delay,  which  should  not  exceed 
about  1.5  seconds  generally  or  1.0  second 
for  precision  path  control.  Attitude 
tracking  performance  is  not  such  a  strong 
factor,  although  as  in  flight  refuelling 
there  are  limita  to  the  attitude  parameters 
for  satisfactory  predictability.  Dropback 
and  pitch  rate  overshoot  ratio  greater  than 
about  1.0  second  and  2.5  respectively  are 
likely  to  appear  too  aggressive.  Although 
zero  or  positive  dropback  will  be  usual 
when  the  path  delay  la  short,  Level  1  has 
been  obtained  with  attitude  overshoot  up 
to  about  0.3  seconds ,  in  one  example  with 
pilot  ratings  of  1  or  2  with  excellent, 
control  of  the  nose  in  the  flare.  Some  f 
the  flight  path  bandwidth  research  data, 


most  of  which  relates  to  this  task,  is 
discussed  below. 

4.0  FURTHER  ASPECTS  OF  BANDWIDTH 

Height  nrror  tracking  involves  the 
double  integration  K/S 7  plus  the  short 
period  lag.  Improperly  used  in  single  loop 
control,  it  can  lead  to  severe  PIO  in 
flight  refuelling,  in  formation  or  in 
flight  vary  close  to  the  ground.  The  path 
angle  involves  a  K/R-like  integration  plus 
the  short  - riod  lag.  This  produces  the 
character  c  step  time  response  of  a 
ramping  paui  angle  following  an  apparent 
time  delay  inversely  proportional  to  speed. 
The  constant  distance  this  approximates 
could  be  considered  as  a  constant  bandwidth 
in  the  flight  path  profile,  as  noted  in 
Ref. 3,  but  as  speed  decreases  the  path 
delay  time  increases  excessively.  This 
becomes  a  major  factor  in  predictability 
which  sets  a  limit  on  the  response  time. 

The  landing  flare  is  a  task  where  open 
loop  control  is  typically  employed,  for 
which  time  domain  criteria  are  appropriate. 
A  precision  or  instrument  approach  requires 
closed  loop  path  control,  ;n  which  the 
frequency  bandwidtn  is  significant.  The 
relationship  between  this  and  path  delay  is 
shown  in  Fig. 5,  though  this  is  valid  only 
for  the  classical  second  order  short 
period.  With  increasing  natural  frequency, 
the  bandwidth  tends  towards  the  inverse  of 
the  path  time  delay.  In  a  well  damped 
response,  typical  of  highly  augmented 
systems,  a  path  time  delay  limit  of  1.0 
second  for  precision  approaches  is  closely 
equivalent  to  the  minimum  bandwidth  of  0.8 
rad/sec  given  in  Ref. 14.  Similarly  for  more 
routine  approach  tasks  a  path  delay  limit 
of  1.5  seconds  is  nearly  equivalent  to  the 
minimum  bandwidth  of  0.6  rad/sec  given  in 
Ref. 16.  A  0.7  second  path  delay  limit  for 
flight,  refuelling  is  equivalent  to  a 
minimum  bandwidth  of  1.15  rad/sec. 

These  limits  exclude  a  substantial 
portion  of  the  Cat.C  Level  1  envelope.  The 
need  for  a  wider  exclusion  is  highlighted 
by  many  examples  from  the  low  frequency/low 
damping  area.  One  is  the  carrier  approach 
Case  K  with  1  rad/sec  and  0.‘9  damping 
ratio  shown  in  Fig  9  of  Ref. 3  (from  Eney, 
Navy  NF-8D),  where  the  rating  was  an 
average  7.3  and  was  8  for  the  GCA  task. 

This  case  comfortably  meets  the  usual  Cat.C 
criteria,  though  the  flight  path  bandwidth 
is  slightly  less  than  the  suggested  optimum 
at  0.7  rad/oec  Howovo'-,  the  attitude  time 
response  is  very  sluggish  with  the  pitch 
rate  peak  occurring  after  2  seconds  and 
reaching  steady  conditions  only  after  8 
seconds.  The  attitude  response  does  not 
affect  the  functional  performance  of  a 
flight  path  control  task  directly,  but  it 
can  influence  the  pilot’s  perception  of  it 
to  modify  the  achieved  performance. 

The  pilot  derives  a  cue  to  the  future 
flight  path  from  the  initial  attitude 
transient,  which  is  mostly  the  angle  of 
attack  increment.  The  measure  of  this 
increment  is  T8i  ,  the  angle  of  attack  per 
unit,  steady  pitch  rate.  It  provides  the 
attitude  phase  lead  relative  to  flight  path 
angle,  and  determines  the  attitude  dropback 
or  overshoot,  the  pitch  rate  overshoot 
ratio,  ano  the  time  to  the  first  pitch  rate 
peak  for  a  given  frequency  end  damping.  The 
cue  will  be  unsatisfactory  if  it  is  too 


small,  sluggish,  large  or  rapid,  rime 
response  and  frequency  bandwidth  criteria 
which  reflect  this  are  discussed  in  Refs. 2 
and  3 . 

Attitude  lead  iu  not  always  necessary, 
and  there  are  many  examples  which  show  that 
flight  path  can  be  directly  controlled. 
Given  a  high  enough  natural  frequency,  a 
pure  direct  lift  mode  would  provide  a  very 
satisfactory  attitude  response  even  at 
constant  angle  of  attack.  For  example,  at 
8  rad/sec  and  a  damping  ratio  of  1.0,  both 
bandwidths  would  be  3.3  rad/sec,  and  the 
flight  path  time  delay  and  the  attitude 
overshoot  would  be  0.25  seconds,  settling 
to  steady  rates  in  less  than  a  second.  Many 
powered  aircraft,  from  Cessnas  tc  jets  can 
use  thrust  for  short  term  control  of  flight 
path,  as  well  as  in  the  long  term  which  all 
aircraft  must  do.  V/STOL  aircraft  such  as 
the  Harrier  can  only  use  direct,  lift  for 
powered  approaches,  usually  at  constant 
attitude.  Even  in  the  simple  sailplane, 
pilots  use  the  airbrakes  for  accurate  high 
bandwidth  control  of  flight  path  directly 
through  drag  modulation,  at  constant  speed 
and  without  explicit  pitch  control  except 
for  the  flare,  estimating  the  path  angle 
deviations  from  relative  movements  of  the 
aiming  point. 

Many  HDDs  show  velocity  vector  or 
climb-dive  angle  quickened  to  eliminate  the 
usual  lag,  effectively  giving  a  bandwidth 
similar  to  attitude  and  enabling  the  pilot 
to  control  the  path  with  great  ease  and 
accuracy  by  simply  flying  the  symbol  onto 
the  desired  aiming  point.  This  is  not 
always  available,  of  course,  and  there  are 
many  situations  where  the  pilot  does  not 
have  specific  flight  path  guidance.  For 
good  handling  in  the  general  case,  it  is 
recoramended  that  the  bandwidth  guidelines 
should  always  be  followed  for  aerodynamic 
lift  configurations.  An  upper  limit  on 
bandwidth,  or  lower  limit  on  path  delay, 
will  result  from  excessively  abrupt  and 
large  attitude  time  response  dropback,  as 
noted  in  3.2,  but  it  is  not  possible  to 
define  unique  limits.  However,  attitude 
time  responses  can  be  adjusted  by  stick 
filtering  to  maintain  constant  values  of 
path  delay  and  dropback  while  increasing 
the  path  and  attitude  frequency  bandwidths 
substantially,  impossible  with  classical 
response  relationships.  Unlike  optimisation 
for  pitch  tracking,  the  optimum  path  time 
de’ay  is  usually  much  less  than  TO2  and  the 
path  bandwidth  is  not  constrained  to  I/TO2 
rad/ sec . 


criteria  discussed  above,  this  format 
enables  highly  augmented  systems  to  be 
assessed  against  the  Ref . 1  requirements 
without  potentially  invalic  identification 
of  frequency  and  damping. 

Although  flight  path  control  is 
function  of  the  g  response,  for  the  landing 
approach  the  optimum  control  sensitivity  is 
not  closely  related  to  stick  force  per  g. 
Refs. 2  and  13  indicate  a  correlation  with 
attitude  gain  at  the  bandwidth  frequency. 
Pilots  were  found  to  select  a  high  attitude 
gain  for  a  low  bandwidth  deersasing  to  a 
low  gain  as  bandwidth  increased.  This  seems 
to  relate  to  their  desire  to  overdrive  a 
sluggish  response  and  to  constrain  an 
abrupt  one.  However,  pitch  acceleration 
gain  sensitivity  has  long  been  known  to  be 
significant  though  no  criterion  has  become 
widely  used.  The  influence  of  this  gain  on 
the  nature  and  violence  of  PIO  has  been 
considered  above.  Ref. 4  notes  the  fact  that 

the  LAHOS  results  indicate  a  correlation  of 
high  frequency  acceleration  gain  with  the 
attitude  bandwidth  as  good  as  that  of  the 
attitude  gain.  These  results  fair  smoothly 
in  to  the  lower  bandwidth  end  of  a  similar 
correlation  from  Ref. 9  data.  It  can  be 
observed  that  stick  force  per  g  should  be 
proportional  to  CAP  in  order  to  maintain 
satisfactory  pitch  acceleration  sensitivity 
in  up-and-away  flight. 


5.0  MANOEUVRE  DEMAND  EFFECTS 

Ways  in  which  the  manoeuvre  demand 
structure  affects  handling  and  therefore 
task  performance  are  discussed  in  Ref. 3. 
Pitch  instability  can  be  corrected  by  angle 
of  attack,  g  or  attitude  feedback,  the 
latter  being  implemented  by  integral  pitch 
rate  in  practice.  The  dynamic  response  to 
control  input  and  the  steady  manoeuvre  of 
these  systems  can  be  made  identical  by 
command  filtering  and  scheduling.  The 
superior  attitude  disturbance  rejection  of 
integral  pitch  rate  systems  in  turbulence 
is  greatly  favoured  by  pilots.  If  the  heave 
response  must  be  reduced  for  pilot  comfort 
or  weapon  delivery  accuracy,  direct  lift 
gust  alleviation  added  to  a  pitch  rate 
demand  system  is  optimum.  For  accurate 
control  of  manoeuvre  limits,  integral  angle 
of  attack  or  g  demand  is  most  suitable,  and 
the  attitude  stability  ana  self  trimming  of 
integral  pitch  rate  demand  is  idea!  in 
level,  climbing  or  diving  flight.  The  best 
attributes  of  all  three  can  be  blended  into 
an  optimum  system. 


While  impropar  superaugmentation  design 
can  lead  to  a  K/S*-like  path  response  with 
poor  control  qualities  (Ref. 14),  a  similar 
effect  is  achieved  by  low  bandwidth  in  a 
classical  response  (Ref. 4).  Path  bandwidth 
is  determined  by  the  combined  effect  of  the 
short  period  frequency  and  damping.  These 
are  specified  separately  in  Ref.i  and  can 
be  transformed  into  path  d®la>  boundaries 
as  shown  in  Fig. 8.  The  limits  suggested 
above  are  superimposed  and  show  the  large 
areas  of  permitted  but  inadequate  response 
in  the  Ref.i  requirements.  For  the  reasons 
found  in  Ref, 11,  the  lower  boundary  is 
unlikely  to  give  good  handling  due  to 
severe  attitude  bobble  at  all  rpeeds.  The 
upper  boundary  may  not  be  satisfactory  at 
higher  speeds  for  some  task  requirements. 
Additional  "best  response"  boundaries  can 
bo  inserted  as  required.  Used  with  other 


While  the  performance  of  most  tasks  is 
predomi nant 1 y  influenced  by  short  period 
fixed  speed  handling,  the  three  manoeuvre 
demand  concepts  differ  in  the  in  long  term 
responses.  This  is  most  significant  in  low 
speed  flight  where  the.  speed,  flight  path 
and  static  stabilities  have  important 
effects.  Many  criteria  have  been  proposed 
for  the  landing  flare,  though  there  is  no 
final  consensus  so  far.  The  take  off  and 
landing  rotation,  inhibit. on  of  integrators 
on  the  ground,  ratio  of  static  to  manouevre 
stability,  phugoid  effects,  etc.,  must  ba 
carefully  managed  to  avoid  unexpected 
ha.no  l  ing  problems.  The  integral  pitih  ,  ate 
system  has  proved  to  be  highly  compatible 
with  Cat.  C  task  elements,  with  excellent 
pilot  ratings  when  enhanced  by  shor c  per  10. 
path  response  shaping  and  speed  feedback 
for  static  stability. 
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6.  LATERAL -DIRECTIONAL  HAM3LINf' 

Highly  augmented  aircraft  with 
manoeuvre  limiting  or  carefree  handling 
facilities  will  usually  have  full  authority 
augmentation  iri  the  latoral-di  ract  iona  I 
axes  also.  It  is  less  common  for  advanced 
augmentation  to  be  employed  in  these  axes, 
as  instability  is  unusual  except  for 
limiting  conditions.  These  include  roil 
damping  reversal  beyond  th©  stall,  or 
directional  instability  beyond  or  near  the 
stall  or  at  very  high  Mach  number. 

The  directional  axis  augmentation  will 
usually  take  a  traditional  form.  In  the 
lateral  axis  conventional  roll  rate  damping 
is  coupled  with  enhanced  command  authority 
augmentation.  An  inter  nl  loop  is  seldom 
used  as  completely  adequate  control  of  the 
roll  performance  is  obtainable  without  it 
for  most  corif  igurations.  There  has  been 
little  fundamental  need  for  high  order 
handling  metrics,  reflected  in  the  relative 
scarcity  of  research  data.  However,  the 
lateral  handling  qualities  of  some  modern 
aircraft  have  given  rise  to  difficulties 
ranging  from  slight  to  serious.  The  causes 
and  solutions  are  similar  to  those  of  the 
pitch  axis,  and  metrics  to  describe  the 
handling  by  similar  methods  car,  be  derived 
by  considering  how  the  pilot,  perceives  the 
handling  responses. 


6_.  K  - _Ro.ll.  Att itude  PIO 

The  standard  low  order  PIO  hypothesis 
is  that  of  closed  loop  attitude  instability 
due  to  the  roll  numerator  and  the  dutch 
roll  mode  when  the  latter  ’s  poorly  damped. 
It  is  not  certain  hc.w  much  support  is 
available  in  flight  records  for  this 
hypothesis.  Many  have  shown  the  lateral 
control  loop  to  be  closod  around  the 
heading  angle.  This  is  consistent  with 
pilots’  greater  aversion  to  disturbances  in 
yaw  than  in  roll,  and  a  preference  for 
correcting  heading  errors  by  lateral  rather 
than  by  directional  control.  In  either  case 
the  same  mechanism  is  involved  and  the  same 
solution  is  needed  to  match  the  numerator 
and  dutch  roll  frequency  and  damping.  It  is 
rvt.  a  problem  for  highly  augmented  aircraft 
except  for  remote  failure  states. 

The  pure  roll  attitude  PIO  which  has 
occurred  in  some  modern  types  is  identical 
in  principle  to  the  high  order  pitch 
attitude  PIO  discussed  above.  The  pilot 
can  immediately  synchronise  with  the 
oscillation,  fixing  it  at  the  frequency 
where  the  attitude  and  lateral  control 
input  are  180  degrees  out  of  phase.  This  is 
possible  because  of  additional  lag  and 
increased  gain  at  this  crossover  frequency 
introduced  into  the  response  by  the  control 
laws.  Such  PIO  was  not  experienced  in  past 
aircraft  because  th®  attitude  lag  did  not 
exceed  180  degrees,  the  direct  path  to  the 
control  surfaces  giving  unlagged  roll 
acceleration  at  high  frequencies.  Routinely 
achievable  actuator  lags  are  not  normally 
sufficient  to  causo  closed  loop  handling 
problems,  especially  when  coupled  with 
non-linear  command  to  alleviate  overcontrol 
tendencies  at  low  or  zero  roll  rate  in  high 
roll  performance  aircraft. 

rig, 7  shows  some  typical  basic  Nichoi’s 
plots  of  pure  or  modified  roll  mode  time 
responses.  The  nominal  input  amplitude  is 


the  full  stick  input  giving  a  roll  rate  of 
75  degrees  per  second,  representing  a 
landing  approach  case  or  the  initial  slope 
of  a  non-linear  command  in  a  high  speed 
case.  Linear  equations  normally  used  only 
for  small  amt  itude  can  be  used  here,  even 
though  inaccurate  for  actual  full  stick 
inputs,  because  such  plots  are  an  excellent 
guide  to  the  relative  sensitivity  at  small 
nputs  where  closed  loop  control  problems 
are  usually  initiated. 

Response  A  has  a  relatively  short 
augmented  ;  o 11  mode  of  0.25  seconds.  Even 
after  some  typical  actuator  lag  is  added 
the  frequency  at  180  degree  lag  is  high 
with  low  gain,  ensuring  freedom  from  closed 
loop  problems.  Smaller  values  than  this 
can  easily  be  achieved  by  augmentation.  A 
stick  lag  filter  has  been  used  in  some 
command  augmentation  systems  for  response 
attenuation.  Response  B  represents  this  by 
adding  a  0.3  second  stick  lag  to  A.  The 
response  at.  given  frequencies  is  clearly 
attenuated,  but  at  th©  critical  case  for 
closed  loop  stability  the  gain  is  several 
times  greater  and  the  frequency  is  reduced, 
well  into  the  range  of  potential  piloting 
problems.  The  alternative  solution  is  a 
lag-lead  filter  to  increase  the  apparent 
piloted  roll  mode  constant.  Response  C 
represents  this  by  a  0.55  second  roll  mode, 
achieving  similar  attonuation  with  much 
less  lag  penalty,  and  maintaining  a  low 
order  response  free  from  PIO. 

A  comprehensive  database  of  roll  PIO 
examples  does  not  exist,  but  the  metrics 
which  indicate  PIO  sensitivity  are  the  same 
as  in  the  pitch  axis.  Excessive  attitude 
gain,  low  frequency  and  high  phase  rate  at 
the  180  degree  lag  point  all  indicate  a 
problem.  A  response  amplitude  of  more  than 
+10  degrees  and  lag  crossover  frequency 
less  than  1  Hz  should  be  cause  for  concern. 
Less  than  +5  degrees  at  well  over  1  Hz 
ehojlo  oe  very  satisfactory  and  it  is  not 
difficult  to  do  much  better  than  this.  The 
pitch  phase  rate  criterion  seems  to  apply 
equally  to  the  roll  axis,  although  the 
order  of  magnitude  greater  accelerations 
and  pilots’  readiness  to  use  large  inputs 
in  roll  suggest  that  a  more  stringent 
application  is  sensible.  Pilots  do  not 
tolerate  significant  roll  attitude  errors 
in  the  landing  flare  and  are  likely  to 
exercise  tight  closed  le  v  control  in  the 
presence  of  turbulence.  This  can  act  a«  the 
PIO  trigger  in  a  similar  way  to  stick 
pumping  in  pitch,  and  probably  most  roll 
PIO  occurs  in  this  flight  phase. 

Roll  ratcheting  is.;  another  form  of 
closed  loop  oscillation  found  with  some 
augmented  controls,  but  whether  the  pilot 
is  active  or  passive  seems  to  be  disputed. 
It  can  occur  in  level  flight  or  while 
rolling,  and  it  seems  generally  to  occur  at 
a  frequency  of  about  2  to  3  Hz.  Pc* 
aircraft  with  significant  lateral  stick 
displacement,  it  is  sufficient  to  treat  the 
problem  as  a  bobweight  loop,  fhe  pilot’s 
contribution  is  confined  to  the  passive 
effects  cf  arm  and  hand  on  the  reflected 
mass,  stiffness  and  damping  of  the  stick 
and  connected  control  circuit.  This  can 
vary  widely  according  to  pilot  technique. 

In  one  example  pilots  found  they  could 
control  the  p.esrnce  or  absence  of  mild 
ratchet  by  the  way  the  stick  was  held,  but 
it  was  readily  eliminated  by  a  software 
change  following  a  bobweight  analysis.  In 
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the  later  EAP ,  the  bobweight  loop  gain 
margins  ate  30  or  more  and  the  stick  is 
totally  inert  despite  roll  acceleration 
described  by  one  pilot  as  sp-ictacu  lar" . 
Ratchet  did  not  occur  in  earlier  aircraft 
because  of  the  negligible  acceleration  lag 
and  the  high  stick  free  frequency  and 
damping  of  the  unpowered  control  circuits. 
These  margins  have  deteriorated  in  more 
recent  designs. 

6 .2 jl.  _Ro1.2__ Time  Response  Metr  ics 

The  control  of  roll  altitude  is  mainly 
open  loop.  Except  as  discussed  above, 
precise  tracking  of  a  target  bank  angle  is 
usually  a  low  bandwidth  task,  eg  t. rimming 
to  level  flight  for  the  cruise.  As  an  inner 
loop  in  control  of  heading  or  of  vertical 
velocity  in  steep  turns,  inputs  typically 
take  the  form  of  pre-programmed  discrete 
adjustments.  Because  there  is  no  frequency 
response  lead  term  corresponding  to  TG2  in 
the  pitch  axis  to  compensate  for  the  roll 
mode  lag,  a  K/3-like  response  is  not 
possible  and  can  only  be  approached  by 
reducing  the  lag.  This  is  limited  in 
practice  by  pilots’  intolerance  of  the 
resulting  high  roll  acceleration,  both 
physical  in  a  real  aircraft  and  to  a  lesser 
extent  visual  in  a  fixed  base  simulator. 

The  standard  metrics  of  roll  handling 
qualities  have  long  been  the  roll  mode 
damping  time  constant  ,  and  the  time  to 
bank.  Usually  the  roll  mode  has  been 
measured  as  the  time  to  reach  63K  of  the 
steady  roll  rate  in  a  step  response.  This 
has  been  a  convenient  label,  but  it  does 
not  identify  the  way  in  which  roll  damping 
is  perceived.  The  most  meaningful  visual 
measure  of  damping  is  the  bank  attitude 
overshoot,  the  extent  to  which  the  roll 
continues  before  shopping  after  control 
removal.  All  response  characteristics  of  a 
pure  roll  mode  are  completely  uefined  by 
the  tune  constant.  It  is  equal  to  the  ratio 
of  the  steady  roll  rate  to  the  initial  roll 
acceleration,  the  ratio  of  roll  attitude 
overshoot  to  steady  roll  rate,  and  the 
intercept  on  the  time  axis  of  the  attitude. 
The  time  taken  to  reach  a  steady  roll  rate 
is  effectively  about  5Vk  .  In  these  ways  the 
effective  roll  mode  < onstant  of  a  highly 
augmented  response  can  bo  identified. 

When  FCS  lags  and  delay;  are  added, 
distortions  occur  in  the  acceleration  and 
rate  time  histories.  The  attitude  overshoot 
and  time  axis  intercept  are  good  measures 
of  effective  roll  damping  for  any  order  of 
system  if  a  reasonably  steady  roll  rate  can 
be  measured.  Fig. 8  shows  the  time  responses 
of  the  basic  cases  A,  fi  and  C  from  Fig.  7. 
Although  B  anti  C  at  e  not  identical,  they 
have  the  same  attitude  overshoot  and  time 
axis  intercept,  and  therefore  the  same 
effective  roll  damping  of  0.55  seconds.  An 
effective  time  delay  of  0.07  seconds  and 
equivalent  roll  mode  of  about  0.52  seconds 
could  be  derived  in  the  rate  response  of 
case  8.  This  does  not  exactly  produce  the 
correct  attitude  response  overshoe t  but  it 
is  very  close.  Tnis  is  an  unsatisfactory 
method  because  the  small  time  delay  fails 
to  indicate  the  borderline  closed  loop 
behiViour  shown  very  obviously  in  Fig. 7. 

The  acceleration  time  response  shows  a 
substantial  lag  which  is  clearly  much  more 
indicative  of  a  high  order  problem  than  the 
effective  time  delay  in  the  rate  response 


6 . 3 .  Pol  1  Bandwidth 

The  single  degree  of  freedom  roll 
response  is  of  such  a  form  that  the 
bandwidth,  defined  as  the  frequency  where 
the  attitude  response  lag  is  135  degrees, 
is  always  1 /Tit  .  Requirements  expressed  in 
terms  of  the  time  response  mode  tit  define 
the  roll  bandwidth.  When  higher  order 
effects  are  introduced,  this  is  no  longer 
automatic.  Fig. 7  shows  that  although  cases 
B  and  C  have  the  same  effective  roll  mode 
in  terms  of  the  bank  angle  damping,  B  has  a 
lower  bandwidth  than  C.  The  difference  is 
visible  in  Fig. 8  as  a  slower  initial 
growth  of  roll  rate,  but  neither  this  nor 
the  bandwidth  is  sufficient  to  indicate  the 
closed  loop  control  problems  of  case  B.  Its 
bandwidth  is  still  higher  than  hat  of  a  1 
second  low  order  roll  mode  satisfying  Cat. A 
Level  1.  No  research  has  been  carrieo  out 
into  bandwidth  effects  as  such,  so  far  as 
is  known. 


6 . 4  Dutch  Rol 1 

The  Cat. A  Combat  requirement  for  a 
minimum  frequency  of  1  rad/sec  and  damping 
of  0.4  is  very  easily  met.  High  relative 
damping  of  0.7  to  0.9  is  often  obtainable, 
which  provides  excel  lent  behaviour  in 
turbulence  but  may  still  be  unsatisfactory. 
Ref. 17  describee  how  gun  aiming  of  the  F-20 
was  degraded  by  a  small  nose  slice  or  drift 
after  target  acquisition,  attributed  to  the 
effects  of  the  washout  filter  producing  a 
residual  drift  in  rudder  command.  The 
minimum  dutch  roll  frequency  was  2  rad/sec 
with  relative  damping  of  0.5  to  0.8.  After 
exciation  of  the  dutch  roll  by  lateral 
control ,  some  seconds  then  elapsed  before 
the  sideslip  settled.  This  was  cured  by 
adjustment  of  the  filter  and  dutch  roll 
frequency . 

Even  without  considering  the  washout  filter 
effect,  the  combination  of  low  frequency 
and  high  damping  gives  long  settling  times. 
The  common  use  of  rudder  pedals  to  point 
the  nose  ’n  gun  aiming  is  similar  to 
tracking  with  a  direct  s’de  force  yaw 
pointing  mode,  for  which  the  Bandwidth 
Criterion  in  Ref. I  was  originated.  The 
Level  1  minimum  bandwidth  of  1.25  radians 
per  second  could  wall  De  used  to  fix  the 
minimum  values  of  dutch  roll  frequency  at 
higher  damping  levels.  Both  considerations 
require  the  frequency  to  be  increased  with 
higher  damping  to  compensate  for  the 
increased  s 1 ugg 1 shness ,  and  show  that  the 
standard  Cat. A  limits  are  inadequate. 


7.0  FU  '  URf~  RESEARCH  NEFOS 

A  comprehensive  range  of  FCS  design 
criteria  for  enhanced  handling  qualities  if 
FBW  aircraft  has  evolved  at  Warton  using 
the  principles  discussed  ab.  ve  and  in  the 
efernnees  their  aim  has  bet,-,,  to  prov  1  de 
the  b> at  achievable  qua  ities  rather  than 
just  a  .  cept -tb  I  e-s  •!  >  sf  an  s  ory  ,  and  by  1936 
were  already  deva  i  pad  sufficiently  to 
achieve  pilot  ratirgs  in  the  EAP  typically 
of  1  arid  2.  Work  ha-,  continued  subsequent 1  y 
to  refine  the  critfcr  ta  and  to  furthe*  the 
understanding  of  the  relationship  with  task 
performance.  Other  recent  FBW  aircraft  are 
showing  good  qualities  also  and  it  should 
be  expected  that  the  difficulties  of  the 
past  are  largely  overcome. 


The  increasingly  high  standards  now 
available  inevitably  lead  to  changing  pilot 
perceptions  of  desired  handling  limits.  It 
is  also  the  case  that  there  may  be  no 
counterpart  in  conventional  handling  of  the 
past  to  some  of  the  characteristics  widely 
found  on  F8W  aircraft.  An  example  of  this 
is  the  combination  of  extreme  attitude 
stability  coupled  with  responsive  control 
now  feasible,  and  another  is  the  potential 
to  combine  iiigh  bandwidth,  smooth  precision 
attitude  tracking  and  sharp  manoeuvres  in  a 
single  mode.  Criteria  for  optimum  handling 
are  not  acceptable  as  specifications,  both 
because  it  is  unnecessar i 1 y  restrictive  and 
because  it  may  be  impossible  to  achieve 
under  all  operational  conditions  of  flight 
envelope,  store  carriage,  etc.  Consequently 
tne  boundaries  of  Level  1  handling  are  in 
need  of  updating  and  indeed  reformul at  ion 
to  account  for  the  alternate  criteria 
methodology  which  must  surely  supplant  the 
current  formal  requirements. 

There  is  a  strong  need  to  conduct  new 
simulation  in  an  operationally  realistic 
environment  to  determine  Level  boundaries 
appropriate  to  FBW  aircraft.  With  the 
increasingly  potent  CGI  systems  now- 
available,  this  process  can  be  initiated 
and  developed  in  ground  based  simulators, 
but  the  final  validation  requires  the  use 
of  a  modern  variable  stability  aircraft.  It 
is  to  be  hopeo  that  such  a  programme  will 
be  undertaken  with  sufficient  funding  to 
provide  an  in-depth  database  of  new 
handling  information. 


References 

1.  Military  Standard  "Flying  Qualities  of 
Piloted  Vehicles',  MIL-STD-1797 

2.  Gibson,  John  C.,  "Piloted  Handling 
Qualities  Design  Criteria  for  High-Order 
Flight  Control  Systems",  AGARD  CP-333,  1982 

3.  Gibson,  John  C.,  "Handling  Qualities 
for  Unstable  Combat  Aircraft", 

ICAS-86-5 .3.4,  September  1386 

4.  Gibson,  John  C. ,  "Evaluation  of 
Alternate  Handling  Qualities  Criteria  for 
Highly  Augmented  Unstable  Aircraft", 

AIAA  Paper  90-2844 

5.  Daley,  E.,  "An  Update  on  Experience  on 
tne  Fly-by-Wire  Jaguar  Equipped  with  a  Full 
Time  Digital  Flight  Control  System", 
AGARD-CP-364,  1984 

6.  Hartley,  R.A.,  "The  Experimental 
Aircraft  Flight  Test  Programme", 
AGARD-CP-452 ,  1988 

7.  Military  Specification,  Flying 
Qualities  of  Piloted  Airplanes, 

MIL-F-8785C,  1980 

8.  Anon,  "Handling  Qualities  Requirements 
for  Military  Rotorcraft",  US  Army  ADS-33C, 
Aug.  1989 

9.  Boothe,  E.M.  et  al ,  "A  Two-Phase 
Investigation  of  Longitudinal  Flying 
Qualities  for  Fighters",  AFFDL-TR-74-9 , 

April  1974 

10.  Bjorkman,  Eileen  A.,  "Flight  Test 
Evaluation  of  Techniques  to  Predict 
Longitudinal  Pilot  Induced  Oscillations", 
AFIT-GAE-86 J- 1 ,  December  1986 

11.  Quinn,  William  M.  et  al ,  "Limited 
Evaluation  of  the  Longitudinal  Flying 
Qualities  of  a  Centrestick  Controlled 
NT-33A  Aircraft  with  Variations  in  Stick 
Force  per  G  and  Stick  Force  per  Inch", 

AIAA  84-2094,  August  1984 

12.  Bland,  Michael  P.  et  al,  "Alternative 
Design  Guidelines  for  Pitch  Tracking", 

AIAA  87-2289,  August  1987 

13.  A ’Mar rah,  Ralph  C.,  "Low  Altitude, 

High  Speed  Handling  and  Riding  Qualities', 

J. Aircraft  Vol . i  No.1,  Jan/Feb  1964 

14.  Hoh,  Roger  H.,  "Concepts  and  Criteria 
for  a  Mission  Oriented  Flying  Qualities 
Specification",  AGARD  LS-157,  May  1988 

if.  Sarrafian,  S,K.  and  Powers,  B.G., 
"Application  of  Frequency  -  Domain  Handling 
Qualities  Criteria  to  the  Longitudinal 
Landing  Task",  J. Guidance  S  Control, 
July-August  1988 

16.  Hoh,  Roger  H.,  Recommendations  for 
Approach  and  landing  Fly  >nn  QufiiMes", 

STI  Working  Paper  2361-1,  Dec.  1988 

17.  Iloputaife,  O.  and  Ma,  L.,  "Handling 
Qualities  Design  of  a  Northrop  High 
Performance  Fighter",  AIAA  Paper  87-2450, 

1  987 


n/oc 


Target  Attitude 


r  ig.  3  TRACKING  PROBLEMS  WITHIN  i.EVfrL  1  LIMITS 


\~ 

A 

. 

0.6 

U(l 

2.55 

% 

0.3 

u 

0.3 

B 

. 

0 

1  .  3 

0. 75 

o 

C 

0 

J-3  .. 

L  0.45i  0.9 

Tssk  Efficiency:-  A 
B 

C 


1  .0 

1  .035 
1  .  3 


Tig. 4  EFFECTS  OF  BANDWIDTH  AND  DROPBACK  ON  TRACKING 
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1.  Introduction 


For  the  development  of  t fie  Tore, ado,  which  started  in  the  sixties,  a  draft  version  of  MIL  8785B  [1]  was  used 
as  a  guideline  and  specification  for  the  flying  qualities  the  airplane  should  have.  No  consideration  was  given 
at  that  time  to  the  fact  that  requirements  in  [1],  which  were  based  on  mathematical  models  of  the  airplane, 
only  considered  the  flight  mechanics  of  the  bare  airframe.  An  example  of  this  is  shown  In  figure  1,  where  a 
flight  test  measured  transfer  function  "pitch  rate  due  to  elevator"  is  depicted  which  has  the  shape  cna 
would  expect  for  a  first  over  second  order  transfer  function  with  a  total  phase  change  of  90  degrees.  No 
hint  was  given  on  the  method  of  approach  to  fly  by  wire  airplanes  with  a  full  time  full  authority  flight 
control  system,  which  after  all  does  change  the  transfer  function  of  the  airplane  the  pilot  has  to  work  with 
considerably.  In  figure  2  the  transfer  function  pitch  rate  due  to  stick  force  for  the  same  airplane  and 
flight  condition  as  in  figure  1  clearly  shows  the  effect.  The  total  phase  change  in  the  frequency  range 
shown  is  at  least  180  degree  with  no  apparent  limit  value. 

In  most  cases  a  new  airplane  is  sold  on  performance  promises.  The  fact  that  a  pilot  has  to  be  able  to  fly  an 
airplane  safely  and  efficiently  in  order  to  achieve  full  performance,  especially  in  a  combat  airpiane,  is  often 
forgotten.  The  Services  are  not  seldom  quite  disappointed  when  it  becomes  clear  that  it  is  impossible  to 
achieve  the  oromised  performance  for  reasons  of  conflicting  flying  qualities  issues  which  demand  e,g.  other 
than  performance  optimal  trim  schedules. 

This,  coupled  with  the  fact  that  there  was  not  a  lot  of  flying  qualities  research  within  the  nations 
participating  in  the  Tornado  program,  led  to  the  situation  tha*  it  was  more  or  less  only  during  flight  test 
that  we  on  the  user  side  realized  the  problems  involved  with  full  authority  full  time  flight  control  systems. 

In  the  meantime,  however,  some  research  efforts  have  beer,  initiated  by  government  as  well  as  industry 
(mostiy  government  funded),  which  have  provided  us  with  some  second  thoughts  on  flying  qualities 
requirements  for  highly  augmented  airplanes  with  a  basically  unstable  pitch  axis. 

Together  with  industry,  the  four  nations  involved  in  the  European  Fighter  Aircraft  (FFA)  Program  decided 
to  initiate  an  effort  to  generate  a  flying  qualities  specification  for  E FA  based  on  the  MIL-F-8785C  [2). 
Germany  undertook  the  task  of  providing  a  draft  cf  what  is  now  Die  Handling  Qualities  Definition  Document 
for  EFA  [3]  (HQDD).  In  subsequent  discussions  and  negotiations  chaired  by  the  NATO  ££A  Management 
Agency  (NEFMA)  the  draft  was  turned  into  the  final  document  which  is  now  part  of  the  EFA  development 
contract. 

Some  of  the  issues  we  discussed  and  which  might  be  of  more  general  interest  will  he  presented  below.  Our 
presentation  will  contain  remarks  on 

the  equivalent  system  approach 

high  order  requirements  for  the  pitch  axis 

the  carefree  handling  issue 

roll  performance 

small  lateral  directional  inputs 

air  combat 

stall  and  spin 
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2.1  Equivalent  System  Approach 


tower  order  equivalent  systems  were  developed  as  a  methodology  in  the  early  severities  as  part 
qualities  assurance  program  ir,  support  of  tire  r  14,  prior  to  its  hr. si  flight.  This  methodology 
to  the  point  where  it  could  he  utilized  as  a  flying  qualities  criterion  in  Ref.  [:  J. 


of  a  flying 
was  refined 


Guidelines  on  the  use  of  the  equ'va'ent  system  methodology  are  to  be  found  in  the  background  Information 
to  MU. -F- 8785C  [4]  arid  in  the  draft  of  the  Mil  Prime  Standard  ird  Handbook  i  T],  where  ,i  rr„sm  it  i 


envelope  for'  the  simultaneous  match  of  pitch  attitude  and  normal  acceleration  transfer  functions  (short 
period  approximation),  figure  3,  is  given.  I  ho  following  example  indicated  to  us  that  we  should  use  those 
mismatch  envelopes  with  caution.  A  second  order  system  with  a  frequency  of  3  rad/sec  a  damping  of  0,1  and 
an  assumed  n/alpha  10  was  corrupted  with  a  prefilter  having  two  pole:;  and  two  zeros,  the  original 
system  was  chosen  to  have  level  1  flying  qualities. 

In  figure  4  the  pitch  acceleration  response  and  the  normal  acceleration  response  of  the  resulting  transfer 
functions  are  shown.  Figure  5  depicts  a  comparison  of  the  resulting  mismatch  with  the  mismatch  envelopes, 
taking  the  uncorrupted  system  as  the  equivalent  system.  The  resulting  mismatch  is  clearly  inside  the 
recommended  envelope. 

With  the  Control  Anticipation  Parameter  (CAP)  computed  according  to  its  original  definition, 
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the  evaluation  of  the  systems  led  to  the  results  given  in  figure  6,  placing  the  systems  with  the  added 
dynamics  in  level  2  and  level  3  respectively. 

However,  since  the  original  system  without  the  added  dynamics  qualifies  as  an  equivalent  system,  it  can  be 
concluded  that  the  mismatch  envelopes  as  given  in  [5]  allow  too  great  variability  In  the  equivalent  systems. 

The  equivalent  normal  acceleration  transfer  function  as  given  in  figure  3  refers  to  the  instantaneous  center 
of  rotation,  a  point  which  Is  not  normally  readily  known,  e.g.  in  flight  test. 

Figure  7  shows  normal  acceleration  due  to  stick  force  transfer  functions  as  deduced  from  flight  tests  for 
the  front  seat  and  the  back  seat  respectively  of  the  Tornado  airplane  under  the  same  flight  conditions.  The 
transfer  functions  were  derived  after  estimating  equivalent  derivatives  with  a  MMLE  type  program  and  then 
computing  the  transfer  functions.  For  the  front  seat  this  resulted  in  a  numerator  with  a  complex  conjugate 
pair  of  zeros  in  the  left  half  plane  whereas  for  the  back  seat,  a  non  minimum  phase  system  was  the  answer. 

If  e.g.  flight  test  measured  transfer  functions  are  used  for  the  equivalent  system  matching  process  those 
differences  have  to  be  accounted  for. 

Therefore  we  recommend  the  use  of  equivalent  model  structures  as  given  in  Annex  A,  Table  1,  which  include 
second  and  fourth  order  numerators  for  the  short  period  and  phugoid  modes  of  the  acceleration  transfer- 
functions.  If  the  transfer  function  referenced  to  the  instantaneous  center  of  rotation  (COR)  is  still  required, 
it  could  be  computed  with  the  help  of  the  pitch  acceleration  due  to  stick  force  transfer  function  according 
to  the  following  relationship: 

rwcofi  n  i  q 

-  -  +  k  -- 

Fa  Fa  Fs 

The  arbitrary  constant  k  has  to  be  selected  in  such  a  manner  that  the  numerator  of  nz/F»  reduces  to  zero 
order. 

Given  a  higher  order  aircraf",  five  parameters  are  available  to  accomplish  the  match:  Ms®,  /*«.,  Wsp,  l/Tez 
and  t  (figure  3)  the  new  one  being  r,  the  delay  time.  The  delay  time  basically  enables  us  to  account  for  the 
additional  phase  shift  of  higher  order  systems  as  is  shown  in  figure  8  where  a  time  delay  of  .05  sec  has 
been  added  to  the  transfer  functions  of  figure  7.  For  the  evaluation  of  stability  the  shape  of  the  phase 
curve  down  to  -  180  degrees  is  of  paramount  concern.  The  frequency  range  for  approximation  of  the  higher 
order  system  by  the  equivalent  system  should  therefore  be  selected  in  such  a  manner  as  to  provide 
sufficient  data  points  to  lead  to  a  good  approximation  of  the  phase  curve  down  to  -  180  degrees  and  thus 
to  a  good  and  meaningful  representation  of  the  phase  by  the  resulting  delay  time.  Therefore  we  recommend 
the  following  procedure  for  definition  of  the  frequency  range  of  approximation. 

The  selected  frequency  range  should  contain  the  characteristic  frequencies  of  all  modes  of  interest. 
Additionally,  an  upward  and  downward  margin  of  one  octave  should  be  provided. 

Initially,  a  range  from  0.1  to  1C  rad/sec  is  defined,  which  may  be  modified  according  to  the  following  rules 
if  required: 

For  full  longitudinal  model  with  phugoid:  Lower  limit  <  0.5  wnp. 

For  Short-Period  model,  with  the  phugoid  still  showing  strong  influence  at  0.1  tad/sec:  The  lower  limit  is 
the  frequency  between  the  peaks  cf  resonance  of  the  phugoid  mods  and  the  short  period  mode,  at  which 
the  minimum  of  the  pitch  rate  amplitude  appears. 

The  u (;'(••”'  limit  should  be  >  2  wnsp  or  >  ?  w  x>  (w»  -  frequency  at  which  the  phase  angle  of  the  pitch 

rate  response  is  -  90  degrees),  whichever  is  greater. 

it  must  be  noted  that  the  delay  time  computed  with  the  above  approach  has  to  be  used  for  comparison  with 
the  equivalent  system  requirements  and  not  delay  times  defined  by  other  means  as  figure  9  indicates.  In 
figure  9  four  different  rules  for  computing  delay  times  ai  e  compared.  Here  it  is  clearly  shown  that  the 
delay  time  computed  according  to  the  bandwidth  criterion  still  indicates  level  1  when  the  equivalent  delay 
time  indicates  level  2  and  the  other  two  criteria  never  indicate  level  1  at  all  when  compared  to  the  set  of 
emits  foi  time  delay  as  given  in  [2], 
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distribution  of  valuos  used  in  the  approximation  process. 

It  appears  reasonable  to  select  values  wk  as  logarithmic  equidistant  In  order  to  provide  for  a  uniform 
distribution  of  the  points  of  support  In  the  Bode  plot.  This  poses  no  problem  when  frequency  responses  of 
a  mathematical  model  are  to  be  computed. 

In  contras*  to  the  above  frequencies  are  linear  equidistant  when  evaluating  flight  test  data  by  FFT  directly. 
This  fact  introduces  the  following  disadvantages  for  an  approximation'. 

(i)  the  number  of  frequencies  is  very  high  and  thus  computation  time  is  very  extensive, 

(ii)  most  of  the  values  are  situated  in  the  upper  frequency  range  so  that  this  part  Is  weighted  more 
intensively. 

Therefore,  conversion  of  a  data  set  with  a  linear  distribution  to  a  data  set  with  an  approximated  logarithmic 
distribution  is  recommended.  In  order  to  accomplish  this,  the  frequency  band  is  subdivided  Into  Intervals  of 
equal  size  in  the  logarithmic  scale.  Should  more  than  one  point  lie  inside  such  Intervals,  the  original  data 
are  replaced  by  one  averaged  data  point.  In  this  way,  a  shorter  data  sat  Is  obtained. 

The  Influence  of  the  distribution  of  frequency  points  used  can  be  identified  in  figure  10.  A  4th-order 
system  was  used  to  generate  three  data  sets  with  different  distributions  of  frequencies.  From  these  data 
sets,  second  order  models  (with  time  delay)  have  been  approximated. 

Using  1,000  linearly  distributed  values,  a  poor  fit  was  achieved  (Run  A).  The  same  data  set  was  then 
converted  to  obtain  a  nearly  logarithmic  distribution  at  high  frequencies.  Using  this  converted  data  set, 
better  curve  fits  and  results  were  achieved  (Run  B).  Finally,  a  logarithmically  equally  spaced  data  set  was 
generated.  From  this  set,  a  good  curve  fit  was  obtained  (Run  C)  (except  at  very  high  frequencies)  and  the 
eigenvalues  of  the  LOES  are  very  close  to  those  of  the  dominant  HOS-mode. 

With  a  logarithmic-equidistant  distribution,  the  number  of  values  may  be  kept  relatively  iow  without 
degrading  the  quality  of  the  approximation.  When  all  poles  and  zeros  of  the  system  are  sufficiently  damped, 
a  density  of  20  points  per  decade  may  be  recommended.  Systems  with  weaker  damping,  however,  will  require 
a  substantially  higher  number  of  points,  in  order  to  provide  coverage  of  all  the  resonance  peaks  and  the 
steeper  phase  drop,  and  exact  determination  of  the  damping  ratio. 

The  above  experiences  and  lessons  learned  were  drafted  into  a  recommendation  of  how  to  apply  the 
equivalent  systems  approach  which  then  became  part  of  the  HOOD  for  EFA  [31  and  is  attached  to  this  paper 
at  Annex  A.  It  also  contains  guidelines  for  the  use  of  equivalent  models  in  the  iaterai  directional  axes. 


2.2  High  order  requirements 


Besides  a  detailed  look  at  the  application  of  the  equivalent  systems  approach  we  also  screened  some  of  the 
higher  order  criteria  and  eventually  developed  one  for  EFA. 

The  criteria  we  started  with  were 

The  Neal-Smith  criterion  in  its  original  form  [12] 
the  Neal-Smith  criterion  as  proposed  in  [5] 

the  Neal-Smith  criterion  with  some  changes  in  its  boundaries  proposed  by  one  of  us  (Mr.  Marchand), 
and  a  reduced  bandwidth  for  level  2  (2.5  rad/sec)  and  level  3  (1.5  rad/sec)  figure  11 
the  Bandwidth  criterion  developed  by  Mr.  Roeger  from  MBB  [6] 
the  Nichols-plot  criterion  developed  by  Mr.  Diederich  from  MBB  [6] 


The  two  last  named  criteria  were  among  others  checked  against  pilot  ratings  in  a  simulation  study  which 
Dornier  undertook  under  government  contract  in  1985  and  1986.  The  most  promising  criterion  turned  out  to 
be  the  Diederich  criterion.  The  application  of  the  Roeger  criterion  posed  some  difficulties  in  principle 
because  of  the  way  stick  force  gradients  had  to  be  considered  for  its  use. 

However,  some  modifications  to  the  boundaries  of  the  Diederich  criterion  proved  to  be  necessary  and  were 
proposed  by  Dornier  and  DLR.  Dornier  combined  the  Diederich  criterion  with  a  criterion  proposed  by  Gibson 
[13]  which  was  also  formulated  in  the  frequency  domain  and  presented  in  a  Nichols  plot.  DLR  proposed  some 
modifications  to  the  boundaries  on  the  right  hand  side. 

The  resulting  Nichols  plot  criterion,  figure  12,  defines  limits  for  the  normalized  open  loop  transfer  function 
pitch  attitude,  8,  due  to  stick  deflection,  6«,  or  due  to  stick  force  in  a  Nichols  diagram.  Normalizing  means 
In  this  context  that  the  transfer  function  under  test  has  to  bo  shifted  up  or  down  by  varying  the  gain 
until  it  runs  through  0  db  at  -110  deg  phase  lag. 

Because  the  Nichols  diagram  contains  no  constraints  for  the  frequency  range  allowed,  figure  13  gives  the 
required  bandwidth  for  the  fiying  qualities  levels  LI,  L2.  L3  for  flight  i  bases  A,  B  and  C. 

The  criterion  was  designed  for  the  evaluation  of  closed  loop  flying  qualities  involving  small  stick  Inputs,  i. 
e.  it  is  applicable  to  essentially  linear  conditions  only.  Regions  of  high  angle  of  attack  may  have  to  be 
excluded. 


The  boundaries  identified  by  asterisks  (*)  in  figure  12  are  applicable  only  where  provision  is  made  for 
precision  attitude  control  for  fine  tracking  at  small  stick  inputs.  In  this  case  the  boundaries  identified  by 
the  asterisk  in  figure  13  need  not  be  observed  for  stick,  inputs  of  less  than  10  mm  for  center  stick 
controllers. 
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For  the  boundaries  Identified  by  a  double  asterisk  (*#),  additional  criteria  apply  to  the  not  normalized 
transfer  functions  pitch  attitude  due  to  stick  deflection  (or  due  to  stick  force).  At  the  frequency  where 
phase  lag  of  pitch  attitude  to  cockpit  control  displacement  (or  force.)  Is  180  deg,  the  following  applies  to 
levels  1,  2  and  3: 

The  rate  of  change  of  phf.se  lag  shall  be  less  than  1C  deg/rad/sec  (100  deg/Hz)  or  if  greater,  then  the 
phase  rate  at  190  and  200  degrees  phase  lag  shall  be  significantly  less  than  16  dag/rad/sec  (100  deg/Hz). 

The  amplitude  shall  be  less  than  a  maximum  of  0.03  deg/mm  or  0.022  deg/N  (0.1  deg/lb)  for  a  phase  rate  of 
16  deg/rad/sec  (100  dog/Hz),  Increasing  to  0..05  deg/mm  or  0.036  deg/N  (0.16  deg/lb)  for  a  phase  rate  of  11 
deg/rad/sec.  (70  deg/Hz)  or  less  if  omega  180  >  =  1.0  Hz. 

The  absolute  limits  stated  above  regarding  stick  displacement  or  force  gradients  are  mainly  based  on 
experience  with  EAP  and  fly  by  wire  Jaguar.  They  should  really  be  rechacked  for  control  stick  designs 
vastly  different  from  those  used  in  the  two  airplanes  mentioned. 

DL.R  compared  three  versions  ofthe  Neal  Smith  criteria  as  given  In  figure  11,  the  equivalent  systems 
approach  and  the  above  described  Nichols  plot  criterion  with  the  Neal  Smith  database  [12]  finding  good 
correlation  for  the  Nichols  plot  criterion  just  described  (figure  14).  In  addition  the  combined  criterion  was 
checked  by  Gibson  (British  Aerospace)  against  his  flying  qualities  database  collected  mainly  from  the  fly  by 
wire  Jaguar  and  the  experimental  aircraft  programmes  (EAP).  In  the  course  of  joint  discussions  Dornier,  DLR 
and  British  Aerospace  developed  the  final  version  of  the  criterion,  described  above,  which  now  serves  as 
one  of  the  design  guidelines  for  the  development  of  the  longitudinal  flying  qualities  of  the  European  Fighte1' 
Aircraft  (EFA)  [3j. 

The  following  limited  guidance  is  offered  for  application  of  the  criterion: 

During  the  design  phase  of  an  aircraft  project,  the  transfer  function  pitch  attitude  due  to  stick  deflection 

Is  readily  available  as  an  equation  and  can  therefore  easily  be  compared  to  the  criterion  and  the  additional 

features,  e.  g.  phase  rate  between  -150  deg  and  -200  deg  phase  can  be  computed  as  local  gradients.  For 
flight  test  derived  transfer  functions  more  care  is  needed  in  the  region  of  the  -180  deg  phase  and  suitable 
mean  values  of  the  phase  rate  have  to  be  derived  because  of  the  occasional  poor  quality  of  flight  test  data 
especially  near  and  beyond  the  -180  deg  phase. 

If  the  right  hand  side  level  1  limit  above  0  db  is  violated  excessive  droop  back  leading  to  pitch  bubble  is 

indicated  whereas  violation  of  the  i eft  hand  iimits  points  to  sluggish  aircraft  behavior  resulting  in 

overshoots.  Infringement  of  the  left  hand  limits  of  Level  1  below  0  ,Jh  hints  at  the  fact  that  the  design  may 
be  pilot  induced  oscillation  prone.  The  criterion  should  at  present  be  limited  in  its  application  to  judging 
the  precision  tracking  behavior  of  combat  aircraft  in  flight  conditions  where  essentially  linear  beiiavior  can 
be  assumed.  Feasibility  in  the  high  angle  of  attack  region  will  be  demonstrated  by  the  X-31A  program.  The 
original  Diederich  criterion  was  used  in  the  design  of  this  experimental  aircraft  up  to  high  angles  of  attack. 


3.  f  Roll  performance 


Figure  15,  which  is  essentially  taken  from  [7 j ,  depicts  the  problem.  With  the  control  power  available  by 
aerodynamic  means,  roll  performance  will  deteriorate  at  the  high  angles  of  attack  readily  attainable  by 
modern  fighter  airplane  designs.  Here,  the  deteriorating  yawing  power  is  the  key  contributing  factor  when 
considering  rolls  around  the  velocity  vector.  A  survey  of  the  literature  and  roll  performance  data  available 
to  us  led  to  the  conclusion  that  combat  roll  performance  requirements  as  stated  in  [2]  have  to  be  waived 
above  a  certain  angle  of  attack.  For  the  reduction  of  the  requirements  for  the  time  to  bank  through  30  deg, 
50  deg  and  90  deg,  we  adopted  the  following  equation: 

tfUtnk  r  taj«fc>*T:  +  K(a  -  Urimft) 
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s  the  resulting  time  to  bank  allowed 

s  the  time  to  bank  as  given  in  [2]  for  the  combat  flight  phase 
s  a  suitably  selectea  constant 
s  the  angle  of  attack  attained 

s  the  angle  of  attack  above  which  he  relationships  may  be  applied. 


However,  ii  would  be  preferred  not  to  need  such  a  'ax  on.  But  this  may  have  to  wait:  until  thrust 
vectoring  has  become  a  standard  design  feature  for  fight,  r  air  planes. 


3.2  Additional  roll  rate  requirements  for  small  inputs 


Modification  of  the  requirement  "additional  roll  rate  requirement  for  small  inputs"  (see  [2])  was  a 
consequence  of  the  experience  gained  from  the  Tornado  Trials  Program. 

The  M/l  Specification  of  this  paragraph  read: 

"The  value  of  the  parameter  poac/pav  following  a  yaw-control-free  step  roll -control  command  shall  be  within 
the  lit  its  as  shown  In  figure  16  for  Levels  1  and  2.  This  requirement  applies  for  step  roll-control  commands 
up  '(  the  magnitude  which  causes  a  60-degree  bank  angle  change  in  1.7  Ta  seconds". 
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Dutch  Roll  Motion  provides  the  phase  angle  between  the  rate  of  roll  and  the  angle  of  sideslip,  which  in  turn 
is  a  crucial  factor  in  deciding  which  x-axis  is  to  be  used.  In  the  Background  Information  to  MIL -F  -87858 
[11]  an  explanation  is  provided  that  this  angle  for  the  linearised  system  of  equations  of  motion  for  the 
lateral  directional  axis  with  coefficients  of  conventional  aircraft  is  to  be  found  In  one  of  the  following  areas: 

90‘  <  Phase  (p/B)  <  180'  or 
270'  <  Phase  (p/e)  <  360'. 

When  deviations  from  these  values  occur  they  are  so  minimal  that  configurations  can  still  be  clearly 
allocated  to  the  one  or  the  other  axis. 

In  the  case  of  modern  fighter  aircraft  with  complicated  control  systems  values  lying  outside  the  normal 
areas  can,  however,  be  registered.  In  the  course  of  the  official  trials  of  the  Tornado,  mathematical  models 
were  established  from  flight  trial  data  by  means  of  system  identification.  The  phase  angle  pattern  p  to  (3  as 
ascertained  In  one  particular  test  series  is  shown  at  figure  17.  The  values  lay  In  the  region  of  180'  and 
thus  bordered  on  the  area  in  which  the  phase  angles  were  expected.  ,  %  of  the  evaluation  values  were  even 
found  close  to  225',  with  the  result  that  small  changes  In  the  parameters  allowed  the  phase  to  wander 
under  or  over  this  limit. 

Now,  exceeding  a  limit  in  such  a  fashion  after  small  changes  have  been  made  means  that  each  time  a  change 
Is  made  the  second  x-axis  must  be  used.  An  evaluation  which  had  initially  provided  a  value  in  the  area  for 
Level  1,  subsequently  intimated  after  an  abrupt  transition  that  the  characteristics  would  not  even  be 
sufficient  for  Level  2  (see  figure  18). 

In  order  to  obviate  such  discrepancies,  t tie  hypotheses  for  the  derivation  of  the  criterion  were  ascertained 
and  included  in  the  flight  characteristic  specifications  for  EFA.  The  requirements  are  as  follows: 

abs  (LV  *  Yp)  <<  abs  (L'P) 

abs  ( L V  *  Yb)  <<  abs  ( L'o) 

abs  (4  *  g  *  LV)  <<  abs  (V  *  L’2P) 

abs  ( L V )  <<  abs  (L’s). 

If  any  one  of  these  conditions  is  not  fulfilled,  then  the  requirement  discussed  here  for  the  underlying 
parametric  representation  Is  no  longer  applicable. 

This  limitation  of  the  scope  of  application  will  obviate  application  of  the  criterion  based  on  false  premises. 
In  addition  there  will  be  no  absurd  abrupt  transitions  in  the  evaluation  due  to  small  changes  in  parameter. 


1  Carefree  Handling 


When  industry  tries  to  sell  you  a  new  fighter  design,  "Carefree  Handling"  is  one  of  the  colorful  terms 
thrown  at  you  to  make  you  feel  good  about  the  product  you  are  going  to  order. 

Therefore  the  questions  which  arise  are:  what  could  this  term  mean,  what  would  be  technically  feasible,  how 
would  it  support  a  pilot  in  accomplishing  his  task. 

As  simulations  have  shown,  a  feature  which  protects  the  pilot  from  exceeding  vital  airplane  limits  frees  his 
mind  from  the  task  of  watching  e.g.  angle  of  attack,  normal  acceleration  etc..  He  would  then  be  in  a  position 
to  direct  more  of  his  attention  to  the  combat  task  at  hand  and  would  be  less  concerned  with  flying  the 
airplane.  This  in  turn  would  make  him  more  successful  against  an  otherwise  equal  opponent.  Therefore  limit 
setting  systems  make  sense,  especiaMy  If  the  airplane  cannot  be  designed  inherently  carefree  from  its 
aerodynamic  design  point  of  view.  It  Ls  exactly  this,  however,  which  would  solve  the  problem  of  the  angle  of 
attack,  but  not  of  normal  acceleration  i.e.  structural  limits. 

The  minimum  components  a  "Carefree  Feature"  should  be  able  to  offer  should  be,  in  our  opinion: 

Automatic  prevention  of  stall  departure,  eutorotation  and  spin.  This  would  have  to  include  incidence 
and  sideslip  control  and  limiting  for  both  positive  and  negative  values. 

Normal  acceleration  control  and  limiting  for  positive  and  negative  values. 

The  capability  for  safe  but  aggressive  lateral/directional  maneuvering  Inside  the  full  angle  of 
attack/normal  acceleration  envelope. 

Unrestricted  use  of  the  throttle  and  of  other  means  which  decelerate  or  accelerate  the  airplane. 

Automatic  scheduling  of  limits  according  to  configuration  and  loading  conditions. 

Together  with  the  desire  to  exploit  the  aerodynamlc/ffight  mechanic  possibilities  of  the  basic  airframe  design 
to  its  full  extent,  I.e.  to  provide  the  pilot  with  an  envelope  which  gives  him  superior  combat  capabilities,  the 
above  wlh  prove  to  be  quite  a  design  challenge. 


4*2  at » II  and  Spin 


As  a  "Carefree  Handling"  feature  should  include  angle  of  attack  limiting  functions,  then  definition  ol  stall 
angle  of  attack  as  a  basis  for  defining  important  airplane  speeds  and  speed  limitations  would  have  to  be 
reconsidered.  Stall  angle  of  attack  may  not  be  determined  by  an  air  flow  related  phenomenon  such  as  a 
normal  acceleration  break  but  simply  by  some  suitable  limit  set  by  some  limiting  function  inside  the  flight 
control  system. 

This,  in  turn,  would  change  emphasis  of  flight  test  of  stall  and  spin.  The  characteristics  of  stall  departure 
and  post  stall  gyrations  are  not  of  prime  concern  anymore.  Of  prime  concern,  however,  are  the  following 
questions: 

How  suitable  are  the  flight  control  system  limiting  functions  set  and  implemented,  given  the  task  of  the 
airplane. 

Can  they  easily  be  defeated  by  any  pilot  action? 

A  thorough  flight  test  of  departure  and  post  stall  gyrations  wouid  become  necessary  in  order  to  define  the 
changes,  including  changes  to  airplane  configuration,  which  would  make  it  safe  to  fly  only  if  a  limiting 
feature  proved  to  be  incapable  of  doing  its  job  of  protecting  pilot  and  airplane  and  at  the  same  time 
providing  a  sufficient  envelope  for  the  tack. 

Therefore  requirements  for  stall  and  spin  were  formulated  for  EFA  to  allow  for  a  stepwise  approach.  Further 
testing  depending  on  results  of  steps  completed.  It  may  well  be  that  the  airplane  will  never  be  spun  if  the 
only  way  of  achieving  this  is  to  switch  off  the  flight  control  system  completely.  However,  this  approach 
places  a  heavy  burden  on  wind  tunnel  testing  and  simulation. 


4,3  The  Air  rto  Air  Combat  Flight  ELhase 
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Any  requirement  drawn  up  is  in  effect  the  application  of  past  experience  in  an  attempt  to  forecast  the 
future.  However,  there  is  a  way  out  for  handling  qualities  requirements  for  piloted  airplanes.  All 
requirements  defined  in  terms  of  envelopes  for  open  or  closed  loop  system  parameters  have  been  developed 
by  matching  pilot  opinion  to  those  system  parameters.  Where  no  numeral  can  ‘be  defined,  pilot  opinion  itself 
may  be  used  and  this  is  done  frequently.  Based  on  experience  gained  at  the  Air  Force  Flight  Test  Center 
with  the  handling  qualities  during  tracking  (HQDT)  approaches  [0]  and  our  own  experience  using  this 
technique  ,’9],  [10],  we  introduced  the  following  as  a  requirement. 

During  air-to-air  combat,  the  pilot  will  perform  a  series  of  gross  turning,  rolling  and  pull-up  maneuvers, 
target  acquisition  maneuvers,  and  precise  target  tracking.  To  help  ensure  that  the  F.FA  has  satisfactory 
Handling  Qualities  during  the  acquisition  and  precise  tracking  segments  of  the  air-to-air  combat  engagement, 
pilot  opinion  ratings  must  clearly  indicate  Level  1  Handling  Qualities.  Such  ratings  shall  be  achieved  within 
the  primary  air  combat  flight  envelope. 

We  are  now  preparing  a  simulation  at  IABG  in  their  dual  dome  combat  simulator  where  wo  will  more  closely 
define  and  match  to  the  European  Fighter  Aircraft  the  methods  (pilot  briefing  papers,  combat  maneuvers, 
pitot  questionnaires  and  debriefing  procedures)  to  be  used  during  simulation  and  flight  test  to  prove 
compliance  with  the  above  requirement. 


S.  Siiinm«rv 


MIL.-E-8785C  [2]  was  used  in  a  sense  which  in  the  US  was  introduced  with  the  development  of  the  MIL- 
standard  and  handbook  concept,  namely,  to  provide  a  framework  for  the  development  of  flying  qualities  for 
airplanes.  In  our  case  [2]  was  stripped  of  everything  not  related  to  a  fighter  type  airplane  and  amended 
where  we  believed  il  was  necessary.  From  the  many  details  which  had  to  be  considered,  ou-  paper 
concentrated  on  areas  of  the  HQDD  [31  where  we  felt  it  necessary  to  give  better  guidance  for  the 
application  of  the  criteria  (equivalent  system  approach,  small  roll  step  inputs),  where  new  criteria  had  to  be 
introduced  (high  orcier  system  criterion,  carefree  Handling,  pilot  evaluation  in  simulated  air-to-air  combat) 
and  where  the  emphasis  of  existing  ones  had  to  be  changed  or  amended  (stall  and  spin,  roll  performance). 

We  feel  that  the  concentrated  efforts  of  industry  and  government  have  produced  a  set  of  flying  qualities 
criteria  which  will  pave  the  way  to  excellent  flying  qualities  of  the  European  Fighter  Aircraft. 
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ANNEX  A 


GUIDELINES  FOR  THE  DETERMINATION  OF  EQUIVALENT  MODELS 


A.  1  General  Procedure 


A.  1.1  General  Approach 

Fo"  the  determination  of  equivalent  models,  one  or  -simultaneously  two  frequency  responses  of  the  high 
order  system  are  approximated  by  complex  functions  of  the  formula 


where  Z,  and  N  are 
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polynomials 
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of  the  formula 

m. 

)  bvl(fa)  I,) 

L _ i 

V  -0 

n 

-  ^  a„ 
v-n 


(with  i  1,  2).  The  coefficients  a,  of  the  denominator  polynomial,  together  with  coefficients  bvi  (i  -  i,  2)  of 
the  numerator  polynomials  and  the  dead  times  c.,  (i  1,  2)  are  determined  in  such  a  way  that  a  cost 
function  is  minimized  with  given  numerator  degrees  mi  u  1,  2)  and  a  given  denominator  degree  n.  To 
obtain  unambiguous  solutions,  one  of  the  coefficients  for  each  frequency  response  must  be  given 
beforehand,  which  is  most  easily  done  b>  specifying 


•-  1 


A.  1  2  Definition  of  the  Cost  function  for  One  Frequency  Response 


The  definition  must  ensure  that  the  result  of  the  approximation  ic  Independent  of  the  standa'dization  of  the 
frequency  responses,  in  the  following,  two  types  of  the  cost  function  are  stated  which  fulfill  this  definition 
(for  the  approximation  of  one  frequency  response  to  begin  with). 

a)  Gain  Phase  Error  Function 

A' 

c  "  ii  1  ‘  ,ar‘  * 

k  =  i 


where 


C  --  Cost  of  function  or  mismatch 

N  =  Number  of  discrete  frequencies  w* 

Gk  -  Deviation  of  the  amplitude  at  wk  (in  dB) 

APk  -  Deviation  of  the  phase  at  Wk  (in  degrees) 

f  -  Weighting  factor  between  amplitude  and  phase 


The  factor  f  is  generally  stated  with  0.017  or  0.020,  but  can  be  varied  if  required, 
b)  Maximum  Likelihood  Error  Function 

Based  on  the  assumption  that  the  real  and  imaginary  parts  of  the  approximation  error  are  statistically 
independent  Gaussian  random  variables  with  constant  relative  standard  deviation,  the  ML  error  function 
reads  as  follows: 


r  _  /  v 

"  "  V  lr.lV 

where 

AFk  -  Complex  value  of  deviation  at  Wk 

Fk  =  Value  of  frequency  response  at  wk 


The  ML  error  function  can  be  transformed  by  approximation  into  an  amplitude-phase  error  function  for  small 
errors  with  a  resultant  factor  f  -  0.023  between  phase  and  amplitude  terms. 


A.  1.3  Cost  Function  for  Two  Frequency  Rer  ~>onses 


On  simultaneous  approximation  of  two  frequency  responses,  the  deviations  (errors)  along  the  two  frequency 
responses  are  accumulated: 


C  -  Cl  +  gC; 


w  here 

Ci  ,  C;  -  cost  functions  for  the  1st  and  2nd  frequency  responses  as  stated  above 

g  -  Weighting  factor  between  the  two  frequent. y  responses  generally  g  -  1 

The  weighting  factor  g  may  be  used  to  consider  differin'-  error  levels  of  the  two  frequency  responses. 


A. 1.4  Selection  of  the  Approximation  Method 


A  specific  method  will  not  be  suggested,  as  any  minimum  finding  method  may  be  applied.  When  selecting 
such  method,  nowever,  the  following  items  should  be  given  due  consideration: 

structure  of  cost  function  (e.g.  whether  or  not  the  gradients  may  be  analytically  expressed) 

possibility  of  fixing  or  v, eying  specific  parameters  within  given  limits 

possibihty  of  individual  weighting  (e.g.  along  the  frequency  or  by  means  o<  amplitude  arid  phase 
ei  r  or  s ). 


A.i.'o  Selection  of  Frequencies 


When  selecting  frequencies,  the  following  items  should  be  considered: 

low-fr  equency  cutoff 
high-fr  equency  cutoff 

distribution  of  values,  e.g.  linear  or  logarithmic  equidistant  along  ft  equency 
number  of  frequencies 

a)  F  i  equency  Cutoffs 

Cutoff  frequencies  are  generally  dependent  on  the  examined  system.  I  he  eigenvalues,  tin;  mf'uence  of  which 
is  to  tre  evaluated,  must  be  inside  this  frequency  range  of  approximation.  (Standard  default  values  are  given 
in  paragraph  A.;1. 3. 


b)  Distribution  of  Values 


to-v 


It  appears  reasonable  to  select  values  Wk  as  logarithmic  equidistant  in  order  to  provide  for  a  uniform 
dlstrioutlon  of  the  points  of  support  In  the  Bode  plot.  This  poses  no  problem  when  frequency  responses  of 
a  mathematical  model  are  tc  be  computed. 

In  contrast  to  the  above,  frequencies  are  linear  equidistant  when  evaluating  flight  test  data  by  TFT 
directly.  This  fact  Introduces  the  following  disadvantages  for  an  approximation: 

the  number  of  frequencies  Is  very  high  and  thus  computation  time  is  vary  extensive 

most  of  the  values  (as  seen  in  Bode  plot)  are  situated  in  the  upper  frequency  range  so  that  this  part 
is  weighted  more  Intensely. 

Therefore,  conversion  of  these  values  with  a  linear  distribution  to  values  with  an  approximated  logarithmic 
distribution  is  recommended.  In  order  to  accomplish  this,  the  frequency  band  Is  subdivided  into  intervals  of 
equal  size  in  the  logarithmic  scale.  Should  more  than  one  point  lie  inside  such  intervals,  both  frequency  and 
frequency  response  values  are  averaged.  In  this  way  the  original  points  are  replaced  by  average  values 
and  a  shorter  data  set  is  obtained. 


c)  Number  of  Fr  equencies 

With  a  logarithmic-equidistant  distribution,  the  number  of  values  may  be  kept  relatively  low  without 
degrading  the  quality  of  the  approximation.  When  all  poles  and  zeros  of  the  system  are  sufficiently  damped, 
a  density  of  20  points  per  decade  may  be  recommended.  Systems  with  weaker  damping,  however,  will  require 
a  substantially  nigher  number  of  points  in  order  to  provide  coverage  of  ali  the  resonance  peaks  and  the 
steeper  phase  drop,  and  exact  determination  of  the  damping  ratio. 


A. 1.6  Assessment  of  Curve  Fits 


No  binding  statement  can  be  made  as  to  when  an  approximation  will  be  useful  or  not.  Therefore,  the  use  of 
error  tolerance  limits  -  as  stated  in  OS  literature  -  is  not  to  be  recommended.  The  safest  method  is  to  make 
use  of  the  experience  of,  and  lessons  learnt  by,  the  person  performing  the  assessment.  In  order  to 
accomplish  this,  it  is  recommended  that  the  assessment  be  carried  out  by  interactive  computer  programs 
providing  an  immediate  graphical  display  of  the  frequency  response  curves  of  both  the  higher-order  system 
and  the  low-order  model.  It  will  be  necessary  to  determine  which  parameters  of  the  equivalent  model  are  of 
special  importance  and  in  which  frequency  ranges  these  parameters  will  be  of  particular  influence.  Thus  it 
is  quite  possible  that  one  or  several  parameters  of  the  equivalent  model  may  net  be  usable  because  the 
curve  fit  in  the  respective  frequency  range  is  inadequate. 


A.  1.7  Assessment  of  Parameters 


Even  with  perfect  curve  fit  it  cannot  always  be  ensured  fhat  the  approximation  will  produce  meaningful  and 
unambiguous  values  for  the  parameters  of  the  equivalent  model.  Problems  should  be  expected  when  output 
data  (e.g.  for  frequency  outputs  obtained  on  flight  test)  are  of  poor  quality  or  when  model  structure  is 
inadequate  for  the  problem.  The  following  paragraphs  are  intended  to  provide  some  assistance  to  this  end. 

a)  Frequency  Response  Values 

When  analyzing  flight  test  data  by  FFT,  the  confidence  limits  and/or  the  coherence  function  should  also  be 
considered.  For  example,  the  frequency  ranges  for'  which  the  value  of  the  coherence  function  is  distinctly 
<  0.7  (maximum  possible  and  most  favorable  value  is  1.0)  should  be  excluded  from  further  computation. 

b)  Correlation  of  Parameters  of  Highly  Damped  Systems 

With  systems  uisplaying  a  damping  ratio  o'  about  t.O  or  with  2  adjacent  real  eigenvalues,  the  frequency 
response  does  not  show  distinct  peaks.  In  such  cases  the  natural  frequency  and  the  damping  ratio  may  be 
increased  or  decreased  simultaneously  without  achieving  any  substantial  change  in  the  frequency  response 
cor  ve. 

This  results  in  u  margin  of  uncertainty  which  can  become  as  high  as  »  30  *  and  must  be  also  considered 
w hen  applying  these  parameters  To  Handling  Qualities  criteria  of  aircraft. 


c)  Correlation  of  Time  Delays  and  Time  Constants 

When  several  time  constants  of  the  numerator  polynomial  and  the  denominator  polynomial  and  an  equivalent 
time  delay  are  tc  be  determined  for  a  frequency  response,  the  results  may  prove  to  be  strongly  correlated, 
so  that  several  sets  of  values  of  the  parametei  s  may  belong  to  very  similar  fr  equency  i  espouse:-,.  Because 
e  T"  v  1/(1  +  T«),  such  influences  of  time  delays  and  lag  time  constants  cannot  be  discriminated  at  low 
frequencies.  If  problems  are  encountered  they  might  be  Su!  ed  by  applying  ere  of  the  following  measui  es: 

Reduction  of  the  order  of  numerator  and/or  denominator. 

Fixing  of  individual  parameters. 

Change  of  frequency  range,  e  g.  extension  to  higher  frequencies. 

Selection  of  other  or  addition  of  fui  ther  fr  .'quern  >  'espouses  whuh  -dr.  •  t  •  1  .  tc  ot  taming  bet  in 


'  nr.nl:  '  ’■  M>«*.  *.  I  S. 


d  >  eiatn»  Between  Roles  and  .’er.rei, 

■-! t*r *  poles  and  ; *■  • 1  vs  are  U  se  h.gether  ,  their  location  m  The  c  piffle  has  '1 '  ■  - 1 .  any  influence  on  the 

,  response,  and  this  asscx.iated  natural  frequencies  cannot  be  determined  unambiguously.  If 

preb  iems,  at «  enco.  infer  ml  They  may  be  solved  by  applying  one  of  the  following  measures: 

Re.:  .I  t  ■  f  tie  order  of  numerator  and  denominator,  when  a  single  frequency  response  is  to  be  assessed 

■r;  * 

tiling  of  "fdoidua'i  pa>  jmeter  s,  eg.  the  eigenvalues  of  the  denominator. 

Add  ?  i  fa  f.,r  ‘her  'nquen  ,  •  e.spimse.  m  w’1  h  poles  and  zeroes  are  more  distinctly  separated. 


A. 2  Determination  of  f  qul  valent  ModeU 


’he  g»r-e- a  i-tr.j.  tee  of  equ'.alent  models  hue  been  outlined  in  Section  A. 1.1  above.  Special  information  for 
"he  >  p.  models  has  beer'  compiled  n  Table  A.l.  In  doing  so,  potentially  known  elements  of  the  model, 

e  g.  factors  ■  s,  .-.r  i  ♦  T*»s  at  a  fi>ed  T«,  were  included  in  the  transfer  functions  to  be  adjusted.  This 
seasure  de.  1  eases  the  •  >r  det  of  the  models  and  thus  computation  effort  without  invalidating  the  cost 
t it w- s  f  Sect  A  t)  and  thus  the  results. 


a  *  Sf in,  r.,rp  of  the  Models  for  Longitudinal  Motion 


"r-e  >u  i. gtudmai  Model  includes  both,  the  phugend  iw-ily  and  the  short  period  mode,  and  will  be 

empr  .e!  •  ases  where  trot*  modes  are  n.  >t  d'stimti,  separated.  The  Short  Period  Model  may  always  be 

emp  ,ed  ’hose  .  ases  where  the  modes  me  distinctly  separated  from  each  other  in  their  frequency 

•  «*sp  o'-  sr> -■ 

'he  Phug.  d  Mode'  •  &  listed  for  the  sake  of  completeness,  although  it  need  not  necessarily  be  employed, 
a.-  stab  ty  may  easily  be  verified  without  using  an  equivalent  model. 

The  numerator  time  constant  T*y  of  the  pitch  frequency  response  determines  one  zero  digit  of  tha  transfer 
funct  or's  "1  and  ie/).  Jt  may  edhe'  be  computed  from  the  aircraft  data  and  preassigned  as  a  fined  value,  or 

t  may  be  determined  .n  fhe  ...curse  of  the  approximation.  When  fixed,  a  linear  factor  may  be  extracted  from 

'"r  m  d  e  and  :.or  •  eapondi  ngl  y  included  m  the  values  of  the  transfer  function.  To  accomplish  this,  the 

■  Vues  av snathe  a-e  d'v'ded  by  it  *  T«ts\  «rul  tn>>  degree  of  the  numerator  of  the  equivalent  mode1 

■  edu.ed  t:  ,  ’  Iri  this  wa.  we  obtain  the  transte'  functions  (,l  and  (6)  instead  of  i  1  )  and  (5). 

7  m.pr  .e  "ne  .a1  d*»y  'f  *he  equivalent  model,  appre  •  imation  ;>f  a  transfer  function  of  normal  acceleration 
A,  ,)•  i,  torijunct'On  with  a  transfer  f„rr,  tio"  <f  the  pit:  h  motion  (1,  2,  5  or  6)  is  recommended.  In 
d.  '  g  s«.  «e  must  different  ate  whether  the  , atues  available  are  for  the  so-called  "center  of  rotation"  (- 

"R  •  1 '  ■  another  port,  e.g.  the  .  ,g.  ,.r  pilot  station.  When  the  reference  point  coincides  with  the  COR, 

tr-e  numerator  degree  jT  ;ne  Short  Period  Model  0  (or  -  2  with  the  phugoid  mode  model).  For  other  points 

‘  -e'erence,  .ertica1  ace  ele>  at  i  on  contains  a  component  of  q  dot  and  thus  an  additional  quadratic  component 

■  'he  numerator  'transfer  functions  (4)  and  !B)\  This  generally  is  the  case  during  the  assessment  of  test 
lata,  nasmuob  as  a  computation  of  .ert'e-a!  acceleration  for  the  COR  is  not  possible  without  exact  knowledge 

f  the  ie'  s’ 1  ■  es 


4.2.2  Sf rucfu'tf  of  me  Models  tor  Lateral  Motion 

'Re  object  of  approximation  of  equivalent  models  for  lateral  motion  is  to  determine  both  the  parameters  of 

the  '  <t  h  rob  and  the  niii  t  me  constant.  Therofore,  two  different  transfer  functions  are  to  be  approximated 

Situi  'r-.ecusi y ,  me  f  .r  each,  dominating  mode.  Best  suited  for  this  purpose  are  D/f V  and  */F»  (transfer 
rw.1<  ;  r  ten  end  i’’1  ii  '.11  and  (14)  friym  Table  A.l).  A  third  transfer  function,  B/F*  (12)  has  also  been 
given,  t  is  function  is  only  required,  however,  when  the  criteria  3,3. 2.2.1,  3.3.2. 3,  3.3. 2. 4  or  3. 3.2. 4.1,  [2j, 
wb  i  h  co  tam  \ »  o'  ■  on  the  basis  of  roll  control  inputs,  are  to  be  applied. 

Apart  from  the  dutch  i  oh  mode  and  the  roll  rtw.de,  the  Full  l  ateral  Model"  also  includes  the  spiral  mode. 

For  the  purpose  jf  assessments  conducted  outside  the  frequency  range  of  the  spiral  mode,  the  model  may 
be  ’*(1ui  ed  by  one  p>ole  by  multiplying  the  transfer  function  to  be  assessed  by  s.  This  results  in  the  model 
with  transfer  functions  !  *  1 )  through  (15). 

1"  aseo  whjr„  application  of  the  above  mentioned  models  does  not  rendei  usaful  results,  we  can  attempt  to 
determine  the  parameters  step  by  step,  using  the  reduced  model  (t'6)  and  (17)).  To  accomplish  this  we  start 
with  transfer  function  (16'  above  and  only  determine  ,  wna  and  tt  initially.  Values  of  (,  and  Wim 

’hen  reman  fixed  during  the  second  step,  where  T»  and  t»  are  determined  by  approximation  of  ( l  7 ), 


A. 2.3  A requeue y  Rmngvm  for  the  approximation 


The  selected  frequency  rang*  should  contain  the  characteristic  frequencies  of  all  modes  o‘  interest. 
Additionally,  an  upward  and  downward  margin  of  one  octave  should  hs  provided.  To  determine  the 
frequency  rang«,  the  following  procedure  may  be  used. 

Initially,  a  ran yie  from  o.l  to  10  r»a/»ec  is  defined,  which  may  be  m'dified  on  tire  basis  of  the  following 


KM  I 


rules  If  required: 

Lower  limit  for  longitudinal  motion: 

For  full  longitudinal  model  with  phugoid:  <  0.5  w,>P 

For  Short-Period  model,  with  the  phugoid  still  showing  strong  influence  at  0. 1  rad/sec:  The  frequency 
between  the  peaks  of  resonance  of  the  phugoid  mode  and  the  short- period  mode,  at  which  the  minimum  of 

the  pitch  rate  amplitude  appears. 

Upper  limit  for  longitudinal  motion:  The  greater  of  L'wnsp  and  .Twsofwso  -■  frequency  at  which  the  phase 
angle  of  the  pitch  rate  response  is  -  90“).. 

Lower  limit  for  lateral  motion: 

For  modol  with  spiral  Mode:  <  0.5/t« 

For  model  without  spiral  mode:  <  0.5/tr  and  <  O.Swna. 

Upper  limit  for  lateral  motion:  2wnd  minimum. 


Hotf : 

b  *)  Transfer  function  required  for  criteria  of  j.3.2.2.!,  3. 3.2,3,  3. 3.2.4,  3. 3.2.4. I 

and  for  the  deterwtnat Ion  of  I  *  /  »  ld,  3  (  p  /  *  I,  4«  /  k,  »( 


t 


transfer  (unction  mod*1! 


Fts! 


bQ  *  b,s  ♦  b?* 


of  the  for* 

-ft 


1  ♦  *,S  *  4.,$ 
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TABLE  A.1.  Structure  of  Equivalent  Models 
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EXAMPLES  OF  ADDED  DYNAMICS 


COMPARISON  OF  ADDED  DYNAMICS 
AND  MISMATCH  ENVELOPES 
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Abstract  : 

"Off-the-shelf"  procurement  of  civil 
aircraft  for  use  by  the  military  services 
is  a  tradition  dating  back  to  the  earliest 
days  of  aviation.  This  relieves  the 
military  of  the  responsibility  for 
development  costs,  takes  advantage  of 
civil  designs  already  in  existence,  and 
has  resulted  in  many  capable  -  even  famous 
-  aircraft  being  added  to  the  military 
inventory.  However,  while  civil  aircraft 
missions  have  remained  relatively 
unchanged  for  over  half  a  century,  new 
military  missions  have  continued  to 
evolve:  radar  surveillance,  battlefield 
management,  aerial  refueling,  and  routine 
low-level  high-speed  operations  being 
examples.  Yet,  the  military  services 
still  procure  civil-certificated  aircraft 
to  accomplish  these  demanding  new 
missions . 

In  the  United  States,  Federal 
Aviation  Regulations  (FARs)  23  and  25  and 
their  predecessors  (e.  g.  CAP  4b)  are  the 
certification  standards  for  civil 
aircraft.  The  primary  objective  of  these 
regulations  is  tc  insure  a  minimum 
standard  of  airworthiness.  Flying 
qualities  requirements  make  up  only  a 
small  portion  of  these  regulations,  and 
address  primarily  static  stability 
characteristics.  This  has  sometimes  led 
to  undesirable  flying  qualities  when 
attempting  to  perform  demanding  military 
missions  with  civil-certificated  aircraft. 

The  unique  military  missions  are 
addressed  in  the  U.  S.  military  flying 
qualities  specification,  MIL-STD-1797A, 
and  its  predecessors  (MIL-F-8785  series). 
These  military  specification  requirements 
are  compared  to  the  civil  (primarily  FAR 
25)  requirements  to  substantiate  their 
applicability  to  off-the-shelf 
procurement.  Specifically,  where  military 
and  civil  missions  differ,  military  flying 
qualities  requirements  should  be  invoked. 
To  illustrate  this,  several  examples  will 
be  examined .  Finally,  the  future  of 
off-the-shelf  procurement  will  be 
contemplated,  some  implications  discussed, 
and  recommendations  made. 


1 nt  roduct ion : 

From  the  earliest  days  of  military 
aviation  in  the  United  States,  many 
aircraft  have  been  procured 

"off-the-shelf"  by  the  armed  forces.  The 
first  military  aircraft  -  the  Wright  Flyer 
of  1909  -  was  an  off-the-shel f  purchase, 

albeit  with  a  simple  (by  today's 
standards)  military  specific*:,  ion  created 
to  cover  the  aircraft.  Other  famous 
off-the-shelf  aircraft  include  the  DC- 3, 

4,  6,  9,  and  10,  Boeing  707,  727,  737,  and 

747  variants,  and  various  small  transports 
and  trainers.  In  some  cases,  these 
aircraft  were  procured  "as  is",  while  in 
other  cases  mi 1 i t a r y - r e que s t e d 
modifications  were  made  to  the  aircraft 
due  to  unique  missions.  In  many  of  these 
procurements,  civil  certification  was 
accepted  rather  than  requiring  compliance 
with  military  specifications. 

When  considering  military  and  civil 
aviation  operations,  there  are  many 
applications  which  are  military  specific. 
Some  of  these,  such  as  aerial  combat, 
battlefield  area  interdiction,  and  close 
air  support  are  obvious.  These  missions 
require  aircraft  produced  exclusively  for 
their  accomplishment,  and  which  are 
purchased  exclusively  by  military 
services.  Such  aircraft  are  required  to 
comply  with  military  specifications  as  a 
matter  of  course.  Other  missions,  such  as 
basic  training  and  air  transport,  are 
common  to  civil  and  military  operations, 
and  contain  common  elements:  takeoff, 
climb,  cruise,  descent,  and  landing. 

Civil  and  military  flying  qualities 
specifications  both  address  these  basic 
missions  and  tasks.  Seeing  this,  one 
would  conclude  that  it  may  not  be 
necessary  to  have  different 

specifications,  and  one  set  should  be  able 
to  adequately  address  aircraft  performing 
these  missions.  More  specifically,  civil 
certification  should  be  adequate  to  cover 
such  aircraft. 

The  United  States  Air  .force, 
recognizing  certain  advantages  in 
procuring  existing  designs  when  possible, 
has  provided  guidance  and  direction  in  Air 
Force  Regulation  ( A  F  R )  80-36  (Reference 


]■»  ) 


i)  .  This  i  eyulftt  Ion  aJitt:«ituns  (ii.ocirsnieiil' 
o  f  c  omme  t,  c  t  a  1  of  f-t.h«-nh«  1  f  a  i  r  o  r  *f  t  f.  o  r 
A  i.  t  For  c  fi  use,  *  i»  d  p  rov  J  il«s  iju 
c  o  n  c;  «  r.  n  i  n  g  c  i  r:  o  um  otan  c  as  utidti  r  w  h  i.  it  h 
cflitificit Ion  to  civil  standards  is 
nccnpf.nblo  .  Ac o r d i n g  t. o  A F K  8  0-36, 
"Transport:,  aircraft  nui/jt  be  d«s  iginul  to 
comply  with  civil  airworthineuo  standards 
when  their  use  is  ^anaraily  consistent 
with  civil  operations."  (Emphasis  added)  . 
This  policy  allows  the  USA  If'  to  lover 
development  costs  by  taking  advantage  of 
existing  civil  certification  testing,  and 
lower  production  and  operating  costa  by 
taking  advantage  of  existing  civil 
production  and  logistics  programs  and 
facilities.  This  policy  also  facilitates 
greater  interchangeability  of  U3AF  arid 
civil  transport  air:  craft  to  gain  maximum 
airlift  and  flexibility  in  emergencies, 
and  improves  the  ability  to  dispose  of 
surplus  aircraft. 

Because  civil  arid  military  standards 
and  practices  differ  -  in  some  cases, 
significantly  -  the  Air  Force  has 
experienced  mixed  cesulta  in  operating 
commercial  o  f  f  *•  t  h  a  -  a  he  i  'Z  aircraft.  While 
generally  successful,  the  experiences  have 
not  been  painless,  and  many  lessons  have 
bean  learned  concerning  how  "generally 
consistent"  civil  and  military  operations 
should  be  before  allowing  the  use  of 
commercial  standards.  This  paper  does  not 
presume  to  state  Air  Force  policy,  except 
where  noted,  but  .instead  will  simply 
discuss  civil  lund  military  flying 
qualities  requirements,  their 
applicability  to  military  missions,  and 
will  relate  the  authors k  experience  in 
dealing  with  the  various  requirements  on 
several  recent  Air  Force  programs.  t‘  ~om 
this,  the  authors  will  try  to  derive 
lessons  applicable  to  flying  qualities 
specifications  for  future  off-the-shelf 
procurement  s . 


Flying  Qualiti.es  Specifications: 


Civil  aircraft  certificated  by  the 
United  States'  Federal  Aviation 
Administration  ( F  AA )  are  done  so  to  the 
standards  of  Federal  Aviation  Regulations, 
generally  part  23  (FAR  23)  or  25  (FAR  25, 
Reference  2);  for  the  purposes  of  this 
discussion  the  two  documents  are  similar. 
The  former  addresses  primarily  light 
aircraft  (up  to  5,682  kg)  while  the  latter 
is  directed  toward  larger,  transport-type 
aircraft.  These  regulations  cover  the 
entire  range  of  topics  associated  with 
aircraft  airworthiness,  including 
structures  and  strengt  ,  flight  envelope, 
performance,  and  stability  and  control. 

The  current  United  States  military  f  1  y  i.  n  g 
qualities  specification  is  Military 
Standard  179  7A  (MI L - STD - 1 7 9 7 A,  Reference 
3).  Unlike  FAR  25,  MI L-8TD - 1 7 9 7 A  confines 
itself  exclusi  ely  to  flying  qualities. 

The  static  tty  and  cont rol / f lying 
qualities  portion  of  FAR  25  is  contained 
in  some  21  paragraphs.  These  paragraphs 
a ddr ©  s s : 


Controllability  and  Maneuverability 
longitudinal  Control 
Directional  and  lateral  Control 
Minimum  Control  Spaed 
T  r  im 

Stability 

Static  Longitudinal  Stability 
Demonstration  of  Static 
Longitudinal  Stability 


S  t a  t i. c  D  1  r  e i :  t  i o  aal  a  n d  L o  t era  1 
3  tab!  Li  1  y 

-  Dynamic  3t* b i 1  i  t  y 

-  ,S  t.  all.  Dam  o  ri  a  t  ratio  n 

-  3  v.  all  C  h  a  r  a  c  t  e i  « t.  i  o  a 

Stalls:  Critical  Engine  Inoperative 

-  Stall  Warning 

-  Longitudinal  Stability  and  Control 
( G  round  Handling) 

-  Directional  Stability  and  Control 
(Ground  Handling) 

-  Wind  Velocities  (for  Taxiing) 

-  Spray  Characteristic:*,  Control,  arid 
Stability  on  Water 

-  Vibration  a  ri  d  Buffeting 

-  High-Speed  C  h  a  r  a  c  t  e  r i s  t i e s 
-•  Out-of -1  rim  Characteristics 


The  user  of  t  h e  Federal  Aviation 
Regulations  ai  u  a  t:  understand  from  the 
outset  that  the  FAR  a  primarily  address 
flight  safety.  They  are  intended  to 
insure  only  that  the  aircraft  is  safe  to 
put.  on  the  market.  The  suitability  of  the 
denign  for1  its  intended  mission  (a)  is  not 
assured;  rather,  it  is  ass  ume d  the  success 
or  failure  of  the  design  will  be 
determined  by  marketplace  forces.  That,  is, 
i  If  the  users  (pilots,  passengers,  and 
operators)  Cl n  d  serious  operational 
fault (s)  with  the  design,  it  will  through 
luck  of  sal.  as  be  a  failure. 

The  requirements  of  FAR  25 
specifically  address  takeoff,  climb,  level 
flight  (cruise),  descent,  and  landing, 
including  turns  required  in  performing 
those  items.  Each  of  the  i.  terns  listed  is 
considered  by  MI L~ STD - 1 7 9 7 A  to  be  a 
non -precision  (Flight  Phase  Category  B)  or 
terminal  (Flight  Phase  Category  C)  task. 
There  are  no  requirements  which  address 
high-precision  tasks  (MIL-3TD-1797A  Flight 
Phase  Category  A),  as  it  is  not 
contemplated  by  FAR  25  that 

FAA-certificated  aircraft  .fill  be  required 
to  perform  ouch  tasks. 

The  vast  majority  of  the  requirements 
of  FAR  25  are  subjective  in  nature.  At 
flight  conditions  specified  rn  the 
regulation,  the  characteristics  of  the 
airplane  must  be  acceptable  to  the  pilot. 
In  practice,  guidance  is  usually  provided 
by  F  A  A  regional,  offices  concerning  the 
definition  of  "acceptable",  and  the  final 
judgment  of  any  ■  haracteri.  at  i.c  i«  by 
experienced  company  and  F AA  test  pilots. 
This  judgment  is  binary  -  the 
characteristic  is  either  acceptable  or  it 
is  not  -  and  levels  of  acceptability  are 
not  addressed.  As  noted  by  generations  of 
flying  qualities  engineers,  exactly  what 
is  "acceptable"  is  open  for  interpretation 
by  engineers  and  pilots;  FA A  regulatory 
processes  add  variations  in  interpretation 
between  regional  offices  to  further 
confuse  the  issue. 

Where  objective  requirements  are 
given,  they  are  usually  in  areas  critical 
to  flight  safety.  Specifically,  control 
force  limits,  longitudinal  static  (speed) 
stability,  minimum  control  speed 
characteristics,  stall  warning,  crovsvind 
taxi,  takeoff,  and  landing  wind 
velocities,  and  characteristics  following 
a  trim  system  runaway  or  failure  are 
spec! f ied . 

Tasks  requiring  precise  control  of 
attitude  or  flight  path  (alluded  to  above) 
generally  lead  to  requirements  on  the 
dynamic  characteristics  of  an  aircraft  and 
its  stick  feel,  and  dynamics.  Again,  as 
civil  air  transport  operatio n s  rare X y 
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t«(juii6  a  u  ch  centre  1  p  y:  ncisi  o  n ,  no 
tiunnlittt  iif«  requirements  a  r «  levied 
against,  those  characteristics  by  FAR  25. 

It  is  also  implicit  in  the 
requirements  of  TAR  25  that  the  flying 
qualities  of  the  aircraft  are  those  of  the 
u  n  a  uqme  nt.ee!  u  i  r:  f.  >:  ame  .  If  stability 
augmentation  is  used,  it  is  assumed  that 
the  "bare  air  frame*  dynamics  are  not 
unsure;  they  must  bs  demonstrated  i n 
flight  test.  Degraded-mode  operation  ia 
not  explicitly  a  J  d  r  e  a  a e  d  o  x c e  p t  for 
failure  of  stability  augmentation  and/or 
trim  systems  (and  engine  failures) .  To 
date,  except  £  o '  the  Airbus  Industrie  A3  20 
(Reference  4),  e  FAX  has  not  had  to 
Siddreaa  aircraf  whose  flying  qualities 
are  highly  augmented  or  which  are 
open -loop  instable,  nor  have  they  had  to 
address  flying  qualities  degradations 
following  system  or  subsystem  failures,  or 
fa  i.  1  urea  of  integrated  control  or  guidance 
modes . 

Finally,  the  FAA  through  its  full 
complement  of  regulations  exercisos  a 
"cradle- to- grave*  philosophy.  A 
certificated  aircraft  is  manufactured  in 
accordance  with  approved  drawings  and 
procedures  using  approved  materials, 
parts,  and  processes,  and  is  maintained  in 
accordance  with  regulations  by 
FAA- approved  repair  stations.  Any  change 
in  any  of  those  requires  a  new  or  amended 
certification  to  be  granted  for  the 
aircraft  to  remain  certificated. 

Since  1942,  dedicated  military  flying 
qualities  specifications  have  been  levied 
agwinst  aircraft  being  procured  by  the 
United  States  Armed  Forces.  These 
requirements  have  evolved  through  the 
MlL-r-8785  series  to  the  Military  Standard 
1  797  (MIL  -STD-1  7  97)  series.  MIL-STD-1  7 97A 
is  presently  the  standard  and  handbook  for 
flying  qualities  requirements  of  US 
military  aircraft;  a  capsule  summary  of 
the  document  is  presented  by  Leggett  in 
Reference  5.  It  is  approved  for  use  by- 
all  departments  and  agencies  of  the  US 
Department  of  Defense  (DOD) .  As  a  joint 
service  document,  it  cap  easily  be  applied 
by  any  US  service  branch  to  the 
procurement  of  "off-the-shelf"  as  well  as 
new  military  aircraft  designs.  The 
standard  ia  suitable  for  specifying  flying 
qualities  of  fixed  wing  aircraft  on  the 
ground  and  in  trie  air  as  well  «s  piloted 
t r ansatmospher ic  flight  when  flight 
depends  on  aerodynamic  lift  and/or  air 
b re  i thing  propulsion  systems. 

MIL-STD-1797A  was  especially  set  up 
to  provide  a  framework  and  guidance  for 
specifying  the  flying  qualities  of 
military  aircraft.  The  logical  sequencing 
and  ordering  of  the  document  allows  for 
ease  of  application.  MIL-STD-1797A  is  in 
a  format  referred  to  as  "MIL-PRIME"  by  the 
USAF.  In  this  format,  the  document 
consists  of  a  50-page  (approximately) 
specification  framework,  referred  to  as 
the  "standard",  followed  by  three 
appendices.  The  most  important  (and  by 
far  the  largest)  appendix  .is  Appendix  A, 
an  approximately  6  3  0  -  p  ft  g  .  document  called 
the  "handbook".  This  handbook  repeats 
each  requirement  from  the  standard,  and 
gives  guidance  and  lessons  learned  f  o r 
adding  actual  numerical  requirements  t  o 
the  standard  to  form  a  specification 
u n  ique  t  o  the  subject  p  r  ocurement.  .  T his 
process  is  exiled  "tailoring",  and  is 
explicitly  allowed  for  -  even  required  - 
by  tie  MIL -PRIME  format.  Also,  a 


d e  f  i n  i  t  i.  unu  sec t.  i  o n  i n c  1  udes  a  1 1  o  C  t.  h ft 
p a  r  t  i n  «  n t  aeronautical  t erms  . 

Consequently,  it  is  not  necessary  to  cross 
reference  terms  w  i  t.  h  other  publications 
for  clarity. 

In  the  interest  of  brevity  it  is  not. 
possible  to  r  o  v i e  w  all  t  h e  areas  addressed 
by  MIL -STD- 1 7 97 A ;  the  reader  is  referred 
to  Leggett  (5)  and  Woodcock (6)  for  more 
details.  However-,  in  general  terms,  the 
document  addresses  : 

-  Loadings  and  Inertias 

-  Flight  Envelopes 

-  Flight.  Phase  Categories 

-  Aircraft  Configuration  and  States 

-  Failure  Modes  and  Effects  on  Flying 
Qualities 

-  Interpretation  of  Requirements 

-  Static  and  Dynamic  Stability 
Requirements  for 

-  Pitch  Axis 

-  rlight  Path  (Normal)  Axis 

-  Speed  (Longitudinal)  Axis 

-  Rol 1  Ax i s 

-  Taw  Axis 

-  Side  (Lateral)  Axis 

-  Combined  Axes 

-  Flight  at  High  Angle  of  Attack 

-  Atmospheric  Disturbances 

-  Stick  Force-Feel-Deflection 
Characteristics 

-  Pilot  Induced  Oscillations 

-  Trim  Systems 

The  above  list  is  not  meant  to  be 
exhaustive,  but  is  rather  meant  to 
illustrate  the  breadth  and  scope  of  the 
subjects  addressed  by  the  document.  As 
mentioned  earlier,  the  various  tasks  to  be 
performed  by  the  aircraft  are  addressed  by 
the  Flight  Phase  Categories.  Another 
important  distinction  is  that 
MIL-STD-1797A  contains  many  objective 
requirements,  and  allows  for  levels  of 
flying  qualities  m  demonstrating 
compliance  with  these  objective 
requirements  (for  a  discussion  of 
objective  and  subjective  requirements,  see 
Leggett  and  Black  <  7 )  )  .  The  intent  of 
this  ia  tc  all o  w  graceful  degradation  of 
the  flying  qualities  as  the  edges  of  the 
envelope  are  approached,  but  still  require 
the  best  flying  qualities  in  the  portions 
of  the  envelope  where  the  aircraft 
accomplishes  its  primary  tasks. 

The  framework  and  guidance  provided 
by  MII.-STD-1797A  are  geared  directly  to 
the  flying  qualities  of  aircraft 
performing  specific  military  missions;  the 
requirements  themselves  reflect  lessons 
learned  in  the  flying  qualities  found 
necessary  for  the  performance  of  those 
missions.  In  contrast,  Feder a 1  Air 
Regulations  apply  more  generally  to  the 
airworthiness  of  aircraft,  transiting  from 
point  A  to  point  B .  As  noted  earlier,  AFR 
80-36  states  "Transport  aircraft  must  be 
designed  to  comply  with  civil 
airworthiness  standards  when  their  use  is 
generally  consistent  with  civil 
operations."  Obviously,  missions  such  as 
low- level  operations,  formation  flying, 
and  aerial  refueling  do  not  conform  with 
"...generally  consistent  with  civil 
operations,"  However,  AFR  80- 3 6 
recognizes  this  oy  continuing,  3  This  does 
not  preclude  using  military  specification* 
and  standards  in  d e  s i qni n  g  an  a i r c  r aft 
when  necessary  to  make  sure  that  the 
aircraft,  pftrfor  u\  a  its  rr.  i  .1.  i.  t  a  r  y  r  o  1  e 
P  r  o  p  e  r  1  y  u  n  d  cr  the  i  n  t:  e  n  d  e  d  o  p  e  r  a  r.  i.  p  g 


conditions  .  "  M I  b  -*  3  T  D  -  1  7  9  7  A  d  o  ©  •>  apply  to 
thft  unique  military  mUaiona  mentioned  a  a 
w a 1 .1.  a  a  the  le»Q  demanding  a  i  r 
transportation  mission.  The  name  cannot 
be1;  said  for  civil  airworthiness  standards. 

A  Comparison  of  Select  M l L--STD - 1 7 9 7 A  and 
FAR  25  Requirements ; 

1 1  in  usefu.1  at  this  point  to 
contrast  several  requirements  between 
MIL- STD-179 7 A  and  TAR  25.  This  comparison 
is  not  meant  to  be  exhaustive;  rather,  it 
is  meant  to  give  the  reader  a  taste  of  the 
type  of  requirements  contained  in  the  two 
documents.  We  have  chosen  to  examine  the 
requirements  on  Longitudinal  Static 
Stability,.  Flight  Path  Stability,  Phugoid, 
Short-Period  Mode,  Dutch  Roll  Mode,  Roll 
Performance,  and  Control  Forces. 

Longitudinal  Static  Stability  is  seen 
in  the  tendency  for  an  aircraft  to  return 
to  a  trim  airspeed  if  disturbed,  and  can 
further  be  interpreted  as  a  relationship 
between  stick  force  and  airspeed  when  the 
pilot  intentionally  un trims  the  aircraft 
for  whatever  reason.  It  is  particularly 
important  in  terminal  operations  such  as 
takeoff,  climb out,  and  approach  and 
landing,  or  in  operations  at  or  near  stall 
speed.  FAR  25  paragraph  173  {FAR  25.173) 
places  objective  requirements  on  the 
free-return  characteristics  of  the 
aircraft  when  intentionally  accelerated  or 
decelerated  via  the  pilot's  control  stick, 
and  places  requirements  on  the  slope  of 
the  control  force  to  speed  variation 
ratio.  This  is  quite  appropriate  for 
aircraft  which  spend  the  majority  of  their 
flying  hours  in  steady  state  (or  nearly 
so)  conditions.  However,  a  large  stick, 
force  variation  with  airspeed  can  be 
tiring  during  maneuvering;  pilots 
generally  prefer  light  control  force  - 
airspeed  gradients  for  aircraft  which  are 
required  to  maneuver  even  moderately  as 
part  of  their  missions.  MIL-STD-1797A 
reflects  this  preference  when  it  simply 
requires  a  stable  response  for  Levels  1 
and  2  in  Paragraph  4.4.1,  In  practice,  it 
is  not  uncommon  for  designers  of 
fly-by -wire  aircraft  to  provide  neutral 
speed  stability  at  moderate  to  high  speeds 
for  maneuvering,  and  high  speed  stability 
in  low-speed  flight  for  good  "feel". 
Paragraph  4.4.1  can  be  tailored  to  reflect 
this  as  desired. 

MIL-STD-1  79  7A  Paragraph  4.  3. 1.2 
places  requirements  on  the  flight  path 
stability  of  the  aircraft.  This  is  in 
essence  a  requirement  on  the  degree  of 
"back-aidednese"  which  is  allowable  in 
approach  and  landing.  For  conventional 
field  operations,  an  approach  speed  may 
usually  be  found  which  is  a  good 
compromise  of  flying  qualities  and 
performance  considerations;  long  runway 
length  does  not  require  low  approach 
speeds  or  steep  approach  angles,  thus  the 
characteristic  addressed  in  this  paragraph 
is  us  rally  not  a  consideration  under  those 
c  i  r  c  u»iS  fences.  This  is  reflected  in  the 
absence  of  a  corresponding  FAR  25 
requirement.  This  characteristic  is 
critical,  however,  for  STOL,  assault,  or 
naval  ehipboar  cl  operations,  thus  the 
requirement  is  present  in  MIL*  3TD-1  797a. 

FAR  25  also  places  no  explicit 
requirement  on  the  char acter 1st ics  of  the 
Phugoid  mode  other  than  requiring  general 
dynamic  stability.  MIL- 3T0- 1797a 
Paragraph  4.2.  1.1  pi *  o  *  a  objective 


requirements  on  damping  or  t i me -to- double 
anipl  1 1  \i d *s  f  o  r  any  1  o n  g  i  t.  u d  1  n  a  1  o  s  c  i.  1 1  a  t  i  o r. 
h avirig  a  period  o f  1  o n  g  e  r  than  15  seconds. 

Short -Period  chars c t eristics  have 
been  found  to  exert  a  major  influence  on 
pilot  opinion  for  precision  control  tasks. 
FAR  25.191(a)  requires  that  any  short 
period  oscillation  simply  be  "heavily 
damped",  and  places  no  requirements  on 
frequenc y  .  By  contrast,  M I L  -*  $  T 15 -  1  7  9  7  A  has 
extensive  objective  frequency,  damping, 
and  time  delay  requirements  in  sectio n 
4. 2. 1.2  which  apply  to  this  mod  e ;  they  are 
too  extensive  to  consider  here. 

The  requirements  of  FAR  25.181(b) 
specify  that  the  Dutch  roll  mod e  be 
"positively  damped  with  controls  free"’  and 
thf.t  the  mode  be  "controllable". 

MIL-STD-1 7 97 A  Paragraphs  4.1.11.7  and 
4.6. 1.1  levy  objective  frequency  and 
damping  requirements  on  this  mode. 

Roll  performance  requirements  are 
found  in  FAR  25.147(c)  -  ( e )  ,  and  are 

meant  to  insure  the  ai.  rcraft's  ability  to 
make  20  degree  banked  turns  with  one  or 
more  engines  out,  and  that  the  "roll 
response  must  allow  normal  maneuvers  with 
all  engines  operating."  MIL-STD-1 7 97A  has 
at  least  seven  sections  which  address  roll 
performance  requirement.  3  (see  Bise  and 
Black,  Reference  8)  for  various  maneuvers, 
portions  of  the  envelope,  etc,  the 
majority  of  which  are  objective 
requirements . 

Likewise,  control  forces  are 
objectively  addressed  or. ly  by  FAR 
25.143(c),  but  values  are  specified  for 
both  temporary  and  prolonged  force 
application.  MIL-3TD-1797A  has  multiple 
objective  requirements  addressing  control 
friction,  breakout,  and  maximum  forces, 
maneuvering  force  gradients,  and 
simultaneous  application  of  forces  in 
multiple  axes.  Again  brevity  prevents  our 
citing  the  actual  requirements  here. 

The  seven  sets  of  requirements  we 
ha  r©  just  examined  are  contrasted  in  Table 
1.  Examined  as  a  whole,  a  consistent 
trend  emerges. 

First,,  most  (but.  not  all)  of  the 
oojective  and  subjective  requirements 
levied  by  FAR  25  fall  in  the  Level  2 
region  of  the  MIL-STD-1797A  requirements. 
This  is  consistent  with  the  guidance  of 
MIL-STD-17 97A  indicating  Level  2  is 
"acceptable",  albeit  with  increased 
workload  or  degraded  mission 
effectiveness.  However,  the  workload 
increase  or  mission  degradation  is 
probably  minimal  for  non  precision  control 
tasks,  which  i c  again  consistent  with  the 
intent  of  FAR  25.  Further,  Level  2  is 
also  the  lowest  level  at  which  safety  is 
guaranteed,  which  is  the  entire  intent  of 
the  FARs!  Hoh  (Reference  9)  elaborates  on 
thio  further.  He  show®  that  "a  rough 
equivalence  between  C oope r -Ha r pe i 
(ratings)  and  rhe  decision  to  certify  has 
been  shown  to  exist  at  the  5  to  6  level", 
with  many  F AA  pilots  piecing  the  break 
point  at  about  a  5.  This  is  the  center  to 
lower  portion  of  the  Level  2  region,  again 
consistent  with  our  observation. 

By  contrast,  the  requirements  of 
MIL  -  STD-1 7  97A  axe  most,  explicit  for  flight 
phases  where  precise  control  during 
maneuvering  is  required.  Most  of  these 
flight  phases  are  the  domain  of  the 
military,  and  are  required  in  the 
accomplishment  of  various  military 
missions.  This  raises  the  question  of  the 
adequacy  of  civil  (flying  qualities) 


Topic 

L  o  n  g  i  t.  u  d  i  n  a  1 

Static 

Stability 

Flight. 

Path 

Stability 


FAR  25  Requirement  MIL -STD- 1 7 97 A  Requirement 

Objective,  on  "Stable”  for  Level  1,  2 

Free  Return  and 
S 1  ope 

None  Objective,  on  Slope 


Phugoid  Norvs 


Objective,  on  Damping  or 
Time  to  Double  Amplitude 


Short  Period  ''Heavily  Damped" 


Objective,  on  Frequency, 
Damping,  and  Time  Delay 


Dutch  Roll  "Positively  Objective,  on  Frequency 

Damped",  and  Damping 

"Controllable" 


Roll  Subjective 

Per  f  o rmance 


Control  Objective,  on 

Forces  Temporary  and 

Prolonged 
Appl ication 


Objective,  on  Time  Delay, 
Time  Constant ,  Time  to 
a  Bank  Angle,  Cross 
Coupling;  Subjective,  on 
Departure  Resistance 

Objective,  on  Friction, 
Breakout,  Maximum  Forces, 
Force  Gradients,  and 
Simultaneous  Application 
of  Forces  in  Multiple  Axes 


TABLE  1 

COMPARISON  OF  SELECTED  REQUIREMENTS,  FAR  25  VS  MIL-STD- 1 7 97A 


certification  for  aircraft  performing 
these  type  missions .  In  the  procurement 
of  off-the-shelf  aircraft  for  military 
missions,  this  question  usually  lands 
squarely  in  the  laps  of  the  flying 
qualities  engineer  and  test  pilot. 

The  decision  of  whether  to  levy  TAR 
25  or  MIL-STD-1797A  flying  qualities 
requirement  s  (or  some  combination  of  the 
two)  is  not  clearly  prescribed  by  AFR 
83-36.  Therefore,  the  procuring  agency's 
flying  qualities  engineer  must  examine  the 
intended  use  of  the  aircraft  and  exercise 
professional  judgment.  This  judgment 
should  be  b?aed  on  an  understanding  of 
civil  and  military  flying  qualities 
specifications  (already  discussed)  and 
previous  military  experience  with 
Civil -certificated  aircraft.  The  most 
logical  approach  for  the  latter  is  to  look 
at  previous  aircraft  procured 

"off-the-shelf "  and  base  one's  conclusions 
on  their  degree  of  success  i  * 
accomplishing  military  mission  (s)  .  We 
shall  now  do  this  by  considering  several, 
examples . 

Examples  of  Military  Use  of 
Ci  vi  i-C«rt.ificated  Aircraft  : 

We  w  .11  consider  the  Beech  King  Air 
200  (military  0-12),  Boeing  707  (military 
C - 1 8 )  ana  derivstives  (military  E  -  6 ,  E  -  8 )  , 
Me Donne  1 1  -  Doug  1  a  a  DC- 10  (military  KC-10), 
hear  jet  35  /  36  (mi  litary  C -  2 1 )  ,  and 
Beechjei  4  0  0  (military  T -  1  A )  in  t  h  i  s 
section,  The  autnors  have  collectively 
flew  r,  several  of  these  c  x  t  c  r  a  1 1  ,  and  have 
p  e  t  t  o  i  m  e  d  t  1  y  i  n  g  q  u  »  l  i  t  i  e  s  *  u  a  .1  y  s  e  <s  a  n  d 
s p e c i fica t i o n  c o m p 1 i a n c t  c o»p a  r Isons  o n 
m o  st.  As  such,  » c-  m e  o  f  t,  h *  ;> bser  *  a  t.  i.  o r»  $ 

£  c>  l  .1  owing  are  based  o  n  p  «  r  son*  l 
e  r:  per  i  e  n  c  e  . 


series.  This  sturdy,  twin  turbo-prop  is 
used  extensively  by  the  United  States 
armed  forces  for  a  myriad  of  missions.  A 
derivative  of  the  Beech  King  Air  model 
7  0  0  T  ,  it  lias  been  an  overwhelming  success. 
Most  of  the  mod:  f icat ion  3  made  to  the 
aircraft  have  been  to  extend  its  range  or 
loiter  time,  and  make  it  mere  able  to 
operate  out  cf  austere  locations. 

However,  it  still  basically  travels  from 
point  to  point.  The  flying  qualities  are 
basically  "honest"  and  generally  Level  l, 
albeit  with  slightly  heavy  stick  forces 
for  precision  tasks.  Hew ever,  it  was 
originally  built  as  a  civil  executive 
transport  and  observat ion/utility  aircraft 
and  that  is  how  it  is  used  by  the 
military.  Thus,  in  this  case  the  civil 
and  military  mission  and  usage  generally 
coincide.  From  a  flying  qualities 
perspective,  the  C-12  represents  a 
successful  off-the-shelf  acquisition. 

The  next  aircraft  we  w i 1 1  consider  is 
the  Boeing  707  series.  This  aircraft 
definitely  has  longevity  and  has  fulfilled 
various  military  missions  worldwide 
ranging  from  air  transport,  to  air- 
refueling  (tanker  and  receiver)  t:  o 
electronic  warfare.  Though  this  aircraft 
has  oeen  a  workhorse  for  the  U .  S .  Armed 
Forces,  tt.  .is  not  without  problems.  These 
problems  arise  from  the  aircraft  being 
originally  designed  as  a  point,  to  point 
passenger  and  cargo  transport,  as  well  as 
being  a  pioneer  jetliner.  Like  its  near 
t  w  .t  n  the  K  c  13  5,  it  can  b  e  a  h  a  n  d  £  u  1 
d  uriiiy  heavy  gross  weight  takeoffs.  Ala  o , 
flying  qualities  in  high  croaswir.,! 
aituat  ion  .*>  o  r.  very  a  1  i  c  k  r  unwa  y  «*  u  r  *  a  c  e  s 
.i  re  v  e  x  y  t.  n  u « -  u  s  ,  ye  t.  it.  m  u  s  t.  operate  i  n 
t  h is  environment  au o  . 

T  h  e  U  .  S  .  N  a.  v  y  operates  the  E  -  6  A  ,  & 

i  F  M  5  6  -  p  o  w  «  r  e  d  d  *  tivaUva  of  t  h  e  Boei  n  g 
7  0  7  .  his  ax  t  c  r  a  f  t  p  r  o  v  i  d  e  a  a  c  o  n  t  i  n  u  o  u  s 
r  u  r  v  i.  v  »  b  1  e  c  omm  uni  o  at  ions  link  b  e  t  we  e  n  t  he 


is  the  Bee  c  h 


national  command  authorities  and  submerged 
fleet  ballistic  missile  submarines.  To 
accomplish  this,  the  E~6A  has  two  very 
long  retractable  trailing  wire  antennas, 
one  of  which  can  be  extended  up  to 
approximately  8  km.  To  operate  properly, 
these  antennas  must  be  positioned 
vertically;  to  accomplish  this  the 
aircraft  flies  a  tight  orbit  at  constant 
altitude  as  slowly  as  possible.  According 
to  Feuerstein  {Reference  10),  many  of  the 
difficulties  identified  during  E-6  testing 
relate  to  the  orbit  maneuver.  The 
maneuver  itself  is  flown  at  between  30  and 
50  degrees  of  bank,  with  partial,  flaps,  at 
ju3t  above  stall  speed.  Bank  angle 
control,  of  plus  or  minus  one  degree  and 
airspeed  control  of  plus  or  minus  one  knot 
is  required,  and  these  conditions  must  be 
sustained  for  relatively  long  periods  of 
time.  This  is  a  precision  control 
maneuver  not  anticipated  by  the  original 
certification  baseline,  and  Feuerstein 
infers  a  high  workload  in  its  performance. 

A  final  modification  we  will  consider 
is  the  E  -  8  A  Joint  STARS  aircraft,  an 
aircraft  designed  to  perform  real-time 
targeting  of  ground-based  threats. 

Quoting  from  Reference  11,  "The  major 
external  difference  is  the  addition  of  a 
long,  'canoe' -shaped  r a dome  along  the 
centerline  of  the  aircraft  between  the 
nose  landing  gear  and  the  wing  root 
leading  edge  (Figure  1).  Any  projected 
side  or  planform  area  added  ahead  of  the 
center  of  gravity  on  an  aircraft  is 
destabilizing,  and  must  be  balanced  by  the 
vertical  or  horizontal  tail.  In  the  case 
of  the  E - 8  A ,  the  radome  causes  an  unstable 
break  in  directional  stability  at  sideslip 
angles  beyond  which  the  vertical  tail 
stalls  (i.e.,  the  airflow  separates;  see 
Figure  2)  . 


E-8A  JOINT  STARS 


"While  this  could  normally  be 
countered  by  using  opposing  rudder  to 
return  the  aircraft  to  lower  sideslip 
a n g 1 e  s ,  some  other  interest. in g 
characteristics  exist.  The  limited 

wind-tunnel  and  flight  -'test  data  available 
indirate  that  fox  low  angle  of  attack, 
high  flap  deflection  conditions,  rudder 
de  f  1  ect  ions  exist  for  which  the  aircraft, 
may  diverge  in  sideslip  angle,  an  <i 
cppo.-'.i  t  ng  i  ldder  may  not  halt  the 
divergence  (again,  see  Figure  2 )  .  T  h e 
x e  s  u 1 1  o f  such  a  condit  i o n  would  be  a 
departure  f  r  oia  controlled  flight,  w  h  i  e  h 
could  have  serious  consequences.  The 
maneuvers  J  u  r  i  ,n  g  w  h  i  o  h  this  c  o  n  d  i  t  i  o  j  j 


FIGURE  2 

E-8A  JOINT  STARS  DIRECTIONAL  STABILITY 

could  arise  are  a  crosswind  takeoff  or 
landing,  or  an  engine-out  condition  at  low 
airspeed.  Simulation  and  flight  test  data 
indicate  the  latter  does  not  exceed  the 
critical  sideslip  angle,  while  the  former 
may  be  dealt  with  by  restricting  the  E-8A 
to  lower  crosswind  limits  than  the  basic 
B  7  0  7 .  Should  the  user,  however,  find  the 
lower  limits  overly  restrictive, 
aerodynamic  changes  to  the  aircraft  will 
be  necessary." 

Thus,  though  the  Boeing  707  is  a 
solid  airframe  and  excellent  for  passenger 
and  cargo  transport,  it  has  nad  a  few 
significant  problems  when  modified  for  the 
military  mission.  The  E-8A  represent  s 
perhaps  the  extreme  case  of  a  new  mission 
requiring  modifications  to  the  aircraft 
which  are  extensive  enough  to  seriously 
effect  the  flying  qualities.  (It  is 
interesting  to  note  that  the  aerodynamic 
effects  of  the  modification  are  so 
extensive  that  the  modified  aircraft  meets 
neither  FAR  25  nor  MI  L- STD -  1  7  9 7 A 
directional  stability  requirements  at  high 
sideslip  angles  ) 

In  contrast,  tilt  McDonnell  Douglas 
KC-10  has  performed  well  as  an  air 
refueling  and  transport  platform.  Flying 
qualities  are  exceptional  and  it  is  a 
versatile  aircraft.  The  KC-10  was  able  to 
adapt-,  to  the  military  mission  so  readily 
because  mil itary  specifications  were  taken 
into  consider  a.  tion  during  the  original 
design  of  the  aircraft.  This  fact,  has 
yielded  benefits  for  both  the  commercial 
world  and  mi ] itary  sector.  Again,  from  a 
flying  qualities  perspective  this  was  a 
successful  off-the-shelf  acquisition. 

The  Lear  jet  family  h a  s  been  used 
extensively  for  corporate  transportation. 
These  aircraft  have  been  able  to 
effectively  and  efficiently  cruise  from 
point  to  point  at  high  altitude.  It  was  a 
natural  candidate  for  military  VIP 
transport.  It  does  the  mission  uuit  e 
effect  ivel  y ;  however,  it  does  have  a  om e 

flying  qualities  problems  in  the  region  of 
slow  speed,  single-engine  operations. 

'“here  was  not  enough  investigation  in  this 
area  prior  to  acquisition  which  may  have 
c  o  n  tub  u  t  e  d  to  a  fatal  a  c  c  i  dent,  in  a  C  -  2  1 
aircraft.  Also,  control  harmony  is 
notably  poor  with  very  heavy  longitudinal 
rna  u  e  u  v  e  r  i  n  cj  stick  forces,  an  <1  r.  h  e  c  o  o  k  p  A  t 
i s  very  c  r  a  m  p  e  d  .  This  was  a  marginally 
successful  off-the-shelf  acquisition  when 
viewed  from  a  fl y i n  y  qualities 
pe  r  sped  i  v  e  . 

off-the-shelf  rorpotate  jet 
aitq.naition  i  a  the  T-H  Jaynaok  which  i  *  a 


cl  e  i  .1  v  a  t  i  v  e  .  >  f  the-.  Beech  jet  4  0  0  A  .  This 
robust  little  aircraft  is  an  exce  l  len t. 
p  o  i  n  t  t  o  point  transport  and  has  q  o  o  d . 
p  r:  edominately  Level  1  f  lyin  g  qualities  - 
It  is  a  very  st.abls  platform  with  good 
control  harmony  but  slightly  heavy  roll 
axis  forces.  Modifications  are  being  made 
to  the  cockpit  to  a  d  a  p  t  the  aircraft  to 
the  training  role.  As  a  trainer,  th* 
aircraft  will  be  required  to  perform 
numerous  touch  and  go  landings  as  well  as 
operate  routinely  in  the  high-speed,  low- 
level  environment.  Even  though  the 
Beech  jet  was  not  explicitly  designed  for 
this,  its  inherently  good  flying  qualities 
make  it  adaptable  to  these  missions. 

Conclusions  and  Recommendations: 

In  s  u mm  ary,  it  is  evident  that  in 
off-the-shelf  acquisitions  the  military 
has  had  varying  levels  of  flying  qualities 
success,  in  those  instances  where  there 
was  success,  the  aircraft  designers  used 
the  mill -ary  flying  qualities 
specifications  as  a  guide,  or  the  aircraft 
generally  complies  with  those 

specifications.  Alternately,  civil  flying 
qualities  specifications  have  been 
adequate  where  the  civil  and  military 

missions  and  t  he _ conduct  of  those  missions 

have  been  nearly  identical.  In  the 
not -so -successful  cases,  the  military 
mission  md  the  civilian  usage  were  simply 
too  diverse. 

It  is  important  to  note  the 
emphasized  phrase  above.  In  the  authors' 
opinion,  it  is  not  enough  that  the  civil 
and  military  missions  coincide;  the  way 
the  missions  are  flown  must  also  coincide. 
For  example,  tactical  airlift  could  be 
argued  to  parallel  freight  operations,  yet 
civil  freight  operators  are  not  required 
to  operate  ir  low-level  terrain  following 
or  perform  STOL  operations  from  austere 
locations  as  a  matter  of  course.  This  is 
almost  exclusively  a  military- unique  type 
of  air  transport,  and  must  be  treated  as 
such  by  the  invoking  of  military  flying 
qualities  specific?,  tier.  s. 

In  cases  where  only  certain  elements 
of  an  aircraft's  mission  are 
military -unique,  or  require  precision 
control,  it  is  possible  to  use  a  blend  of 
civil  and  military  flying  qualities 
requirements.  The  MIL-PRIME  format  of 
M 1 L - S  T  D -  1 7  9  I  A  allows  the  document  to  be 
tailored  to  reflect  this  blending .  This 
may  be  done,  for  example,  by  substituting 
Civil  requirements  in  appropriate 
paragraphs  of  a  tailored  HIL-STD-  1 79  /  A 
where  more  demanding  military  requirements 
are  not  warranted.  The  resulting  document 
then  becomes  a  military  specif  u:at  i  o  n 
unique  to  t  h e  subject  a  p  p 1 i c  a  t i o  n .  The 
authors  advocate  this  approach  fox 
off-the-shelf  acquisition  of  aircraft, 
where  the  military  mission  or  mission 
:onduct  does  not:  differ  extensively  ir  o  m 
the  civil,  and  the  aircraft  is  not  being 
greatly  modified.  Ir  the  case  of 
substantial  m  c di ticat iona  and/or  a 
uniquely  different  military  mission,  t  he 
authors  s  u  g  g  e  a  r.  u  s  i  n  g  the 

handbo o k - recommen d e d  values  f  j o m  M  I  L  - 

.*>  T  D  •  1  I97A,  i.'ivijk  i  n  g  full  military  fi  y  .  i:  ij 

qualities  requirement  3  . 


i  a  1  .1  y  ,  t  ho  u  g  h  n  t>  r  o  cut  x;  a  1  r  ■->  ?  h  e 

!  this  paper,  an  •::>  h  je:.vs  {  .i  1  u  m  s  * 


b  e  made  regarding  c  i  v  il  f  L  y  i.  n  g  q  u  » 1  i  t  i  e  s 
t  e  q  u  i  r  erne  n  t.  s  a  n  d  t  h  e  F  A  A  c  e  r  t.  i  f:  i  c  a  t  i  o  n 
process.  As  noted  earlier,  the  Airous 
Industrie  A  3 2  0  represents  the  first 
fly-by-wire  civil  air  transport  with 
highly  integrated  guidance  and  control 
modes.  McElroy  ( 4 )  described  this 
aircraft  as  n  a  complete  assault  of 
technology  on  much  of  the  U .  S .  regulatory 
flight  criteria.”  (Reference  4) .  The 
authors  ayi.ee  that  the  criteria  of  FAR  2  5 
do  not  envision  such  technology  and  are 
i 1 1 -prepared  to  address  it,  yet  we  have  no 
doubt  that  the  A  3  2  0  represents  only  the 
beginning.  The  KAA  must  reassess  its  own 
criteria,  regulatory,  and  certification 
processes  to  meet  future  t ly -by-wire 
transports.  The  experience  basis  to  do 
this  is  alive  and  well  in  the  military 
services,  and  is  preserved  in  the 
criteria,  guidance,  and  lessons  learned  of 
t  he  military  specification  system.  This 
does  not  mean  that  the  FAA  should  abandon 

1.  t  s  own  cri.  teria  in  favor  of  military 
specifications;  rather,  tne  FAA  must  be 
familiar  with  military  specifications,  and 
adopt  their  criteria  or  methods  where 
necessary  or  advantageous.  In  1  i.  k  e 
manner,  the  military  services  should  be 
prepared  to  extend  their  knowledge  and 
experience  to  the.  FAA  when  asked. 
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Itie  flying  characteristic!  and  handling  qualities  of  ell  types  of  aircraft  are 
major  items  cf  interest  in  the  activities  of  tho  AGAKO  Plight  Mechanics  Panel. 
A  subcommittee  of  the  Panel  has  specifically  addressed  this  subject  over  a 
long  period  surd  initiated  a  questionnaire  several  years  ago  to  determine  the 
ongoing  research,  future  plans  and  the  need  for  additional  activities  in  the 
area  of  aircraft  handling  qualities.  Responses  from  interested  organizations 
and  institutions  in  the  AGARD  caemunity  indicated  that  the  item  "Handling 
Qualities  of  Unstable  Highly  Augmented  Aircraft"  showed  the  first  priority.  In 
response  to  this  interest,  the  Panel  formed  a  Working  Group,  WG-17,  in  1987, 
consisting  of  specialists  from  all  interested  AGARD  countries,  to  study  this 
specific  handling  qualities  subject.  Six  working  sessions  were  held  within  the 
years  of  1987  -  1990  the  outcome  of  which  is  an  AGARD-Advisory  Report  Nr. 
AR-279  which  Is  to  be  published  early  91.  This  report  was  a  team  effort  and 
consists  of  contributions  from  all  of  the  members  of  the  working  group.  AGARD 
has  been  most  fortunate  in  finding  these  competent  people  willing  to  contri¬ 
bute  their  knowledge  and  time  in  the  preparation  of  this  document.  This  paper 
only  gives  a  short  overview  of  the  contents  and  tries  to  highlight  the  most 
important  aspects  and  results. 

2 .  Special  Features  of  Highly  Augmented  Unstable  Aircraft 

Statically  unstable  aircraft  are  not  new;  for  example  the  Wright  Flyer  was 
statically  unstable  and  the  pilot  provided  the  control  "augnentation" .  As 
knowledge  of  the  balance  between  stability  and  control  improved,  aircraft  were 
balanced  stable  to  allow  safe  piloted  control  for  dsmnnding  or  protracted 
tasks.  Today  we  again  relax  stability  to  produce  configurations  with  sub¬ 
stantially  increased  performance..  With  today's  technology  we  now  have  the 
advantage  of  actuation,  sensor  and  computing  devices  to  augment,  with  full 
authority,  the  pilot's  effort.  Benefits  of  task-tailored  handling,  carefree 
handling  and  automatic  functions  and  control  modes  outweigh  penalties  like 
larger  actuators  with  high  power  consumption,  high  sensor  performance, 
redundant  controls  and  demanding  computer  speed  and  capacity  requirements. 

Handling  Qua!  ties  of  these  highly  sucpiented  vehicles  are  largely  the 
designer's  choice;  however,  the  effects  of  any  increased  flight  control  system 
complexity  on  handling  qualities  should  Ire  transparent  to  be  pilot.  It  should 
not  be  necessary  to  di  tinguish  between  stable  and  unstable  aircraft  or  even 
whether  the  aircraft  is  highly  augmented,  when  specifying  flying  qualities. 
The  stability  of  the  basic  design  is  immaterial  to  the  pilot,  who  rightly 
experts  low  workload  in  an  aircraft  v-h  full  authority  hardware  and  software. 
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Unlike  the  classic  hiyhly  augmented  aircraft,  the  handling  qualities  of  the 
unstable  highly  augnented  aircraft  cannot  degrade  after  failures  to  those  of 
the  basic  aircraft,.  Instead,  when  failures  occur  the  handling  qualities  do  not 
change  appreciably  but  the  level  of  "protection"  in  the  form  of  failure 
tolerance  is  reduced.  For  example,  the  X-2S  technology  demonstrator  is  highly 
unstable.  With  times  to  double  amplitude  in  pitch  of  about  0.15  sec.,  it  can¬ 
not  be  controlled  by  «  pilot  without  augmentation.  Following  failures  ir  its 
digital  system,  either  the  system  logic  or  the  pilot  can  uelect  alternate 
redundant  sensors  or  the  analog  reversion  system,  with  virtually  no  flying 
qualities  degradation. 

3 .  Outline  of  the  irking  Groups  AQAFD- Report  AR-279 

The  purpose  of  the  report  is  to  present  methods  and  criteria  which  have  been 
found  to  be  useful  by  members  of  the  working  group  as  design  guides  and  for 
the  evaluation  of  handling  qualities  of  highly  aucpoented  aircraft.  It  is  the 
unanimous  opinion  of  the  members  that  no  one  method  or  criterion  is  adequate 
by  itself,  and  that  several,  or  even  all  of  the  recommended  criteria  should  be 
checked.  Experience  has  shewn  that  one  metric  may  not  show  a  deficiency  that 
will  be  exposed  by  other  criteria.  Alternatively,  a  configuration  that,  passes 
several  of  the  proposed  criteria  has  a  high  probability  of  being  accepted  as 
desirable  by  most  pilots. 

The  report  is  organized  in  a  series  of  major  sections  in  which  the  major 
themes  of  this  working  group  arc  presented  fol  loafed  by  appendices  in  which 
important  supporting  information  and  other  areas  of  interest  to  this  working 
group  are  presented. 

o  A  review  of  existing  highly  aucpunted  aircraft  (Btable  and  unstable  is 
given  in  Section  2. 

o  A  unified  method  t">  match  the  shape  of  the  response  properlv  (i.e.  type 
of  au<pnent.ation)  with  the  required  mission  tasks  is  presented  in 
Section  3.  This  section  also  contains  some  guidance  on  the  proper 
choice  of  criteria  for  different  Response  Types,  discusses  the  in¬ 
fluence  of  divided  attention  and  presents  a  methodology  for  the 
minimum  required  stabilization  according  to  visual  environeraental 
condition  (outside  world  plus  cockpit  displays). 

o  Handling  qualities  criteria  recommended  by  the  working  group  mrr.ibers 
ars  contained  in  Sections  A  ( longitudinal  small  amplitude)  and  E 
( longitudinal  large  amplitude). 

o  Considerations  for  the  basic  design  of  highly  unstable  airframes  are 
presented  in  Section  C>. 

o  There  is  growing  evidence  that  feel  systems  must  lie  treated  as  a 
separate  entity,  i.e.,  not  ns  an  integral  part  of  tire  augnented  air¬ 
plane.  This  is  covered  in  Section  I  along  with  t.ie  important  issue  of 
control  sensitivity.  It  1b  important  to  note  that  none  of  the  criteria 
in  this  report  Include  the  effect  of  control  sensitivity,  and  that  it 
must  be  separately  optimized. 

o  Evaluation  techniques  utilized  ir»  simulation,  both  ground-based  and 
in-flight. ,  and  flight,  test  are  discussed  itt  Section  6.  Guidance  for 
the  conduct  of  handling  qualities  evaluations,  based  on  the  collective 
experience  of  the  working  group,  is  presented  in  this  section. 


o  Important  lesson*  lea  mod  (from  this  handling  qua!  it  ten  review  and 
general  guidelines  for  the  conduct  of  handling  qualities  evaluations 
are  presented  in  Section  9,  In  addition,  «  series  of  recommendations 
which  represent  the  collective  advice  front  this  working  group  are 
presented  to  assist  in  the  proper  design  and  evaluation  of  future 
advanced  highly  augmented  aircraft, 
o  The  conclusions  and  recoemwindatios.  of  the  working  group  member*  are 
presented  in  section  10.  This  auiswusry  includes  recowsendattono  or.  areas 
which  are  in  need  of  additional  research  and  testing, 
o  An  overview  of  the  important  subject  of  envelope  limiting  and  carefree, 
handling  is  presented  in  Appendix  A. 

o  Although  the  Instabilities  of  interest  are  generally  in  the  pitch  axis, 
for  completeness  lateral  directional  handling  qualities  are  reviewed  in 
Appendix  3. 

o  Since  agility  and  handling  qualities  are  closely  related  subjects  with 
considerable  overlap,  this  subject  was  of  particular  interest  within 
the  working  group.  In  fact,  it  may  be  argued  that  the  non-performance 
related  aspects  of  agility  are  essentially  handling  qualities.  This 
interesting  subject  is  riefly  discussed  in  Appendix  C. 

one  of  outcome  of  this  Working  Group  is  the  installation  of  a  follow-on 
Working  Group,  dealing  with  this  special  subject. 

The  Report  gets  its  final  review  during  this  symposium  and  wi'il  be  published 
in  the  early  1991. 

A  few  examples  of  the  presented  results : 
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INTRODUCTION 

The  USAF  contracted  with  McDonnell  Aircraft 
Company  in  1984  for  the  development  of  the  STOL 
and  Maneuver  Technology  Demonstrator  (S/MTD).  The 
S/MTD  program  was  structured  to  investigate, 
develop  and  validate  through  analysis,  experiment 
and  flight  test,  four  specific  technologies: 

o  Two-dimensional  thrust  vectoring  and 
reversing  exhaust  nozzles 

o  Integrated  Flight/Propulsion  Control  (IFPC) 
System 

o  Advanced  Pllot/Vehicle  Interface 

o  Rough/aoft  field  landing  gear. 

These  technologies,  together  with  all-moving 
canard  surfaces,  have  been  incorporated  into  an 
F-15B  (see  Figure  1)  with  the  overall  objective  of 
providing  current  and  future  high  performance 
fighters  both  STOL  capability  Rnd  enhanced  combat 
mission  performance,  level  1  handling  qualities 
were  required  across  the  full  envelope  from 
subsonic  and  supersonic  maneuvering  through 
precision  approach  and  touchdown  to  ground 
handling  on  a  wet  mnway  with  crosswind.  Various 
control  modes  were  also  required  in  order  to 
demonstrate  and  evaluate  the  technologies.  Many 
hours  of  piloted  simulation  were  performed  to 
verify  the  analytical  control  laws.  The  aircraft 
has  been  flying  a  phased  test  program  since 
September  1988,  with  handling  qualities  results 
that  agree  very  well  with  the  piloted  simulations. 
The  general  development  of  the  control  system 
configuration  is  presented  in  some  detail  in 
Reference  1.  The  pretent  paper  documents  the 
development  of  the  handling  qualities  of  the  S/MTD 
aircraft  from  the  original  specification  through 
the  analytical  development  and  simulator 
verification  to  the  flight  test  results. 

HANDLING  QUALITIES  SPECIFICATION 

A  new  version  of  the  Military  Flying  Qualities 
Specification,  M1L-F-8785C,  had  been  published  in 
1980.  Major  revisions  incorporated  in  this 
version  were  expected  to  be  applicable  to  the 
S/MTC  development,  e.g.  equivalent  system 
representation  of  highly-augmented  system 
dynamics,  low  altitude  disturbance,  etc.  At  the 
seme  time,  however,  the  contract  was  written  to 
allow  for  deviations  from  individual  req>  resents 
if  an  improvement  could  be  substantiated.  As  far 
as  possible  for  the  overall  design,  required 
performance  was  specified  rather  than  design 
approaches  or  solutions.  Som*  performance 
requirements  also  translate  into  Implicit  handling 
qualities  requirements .  The  required  1500  ft 
landing  distance  Implies  «  requirement  to  minimize 
touchdown  dispersion,  i.e.,  "very  good"  handling 
qualities  are  needed  to  control  the  flight  path 
and  sink  rate  through  the  approach  to  touch  down. 
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Similarly,  the  50  ft  width  of  the  landing  strip 
plut!  a  30  kt  crosswind  formed  the  flaps  down 
lateral/directional  handling  qualities 
requirements.  The  handling  qualities  task 
developed  from  these  requirements  was  to  touch 
down  in  a  box  60  ft  long  by  20  ft  wide  at  the 
threshold  of  the  operating  strip.  A  stringent 
ground  handling  task  was  produced  by  specifying  a 
runway  surface  friction  coefficient  corresponding 
to  wet  bordering  on  icy  conditions,  while  using 
reverse  thrust  to  Btop  with  crosswinds. 

The  preceding  discussion  reflects  implied 
handling  qualities  requirements,  whereas  more 
direct  ones  were  as  follows.  The  overriding 
requirement  of  the  IFPC  system  was  stuted  to  be 
"capable  of  functionally  integrating  all  aspects 
of  flight,  engine,  nozzle  control  including 
aerodynamic  control  surfaces,  engine  thrust, 
thrust  vectoring,  thrust  reversing  and 
differential  efflux  modulation,  control  and 
stability  augmentation,  high  lift  system,  steering 
and  braking".  The  intent  was  to  convey  the 
understanding  that  integration  was  an  objective  of 
the  demonstration  program,  not  ju3t  a  means  to 
achieve  mission  requirements.  The  IFPC  system  was 
required  to  provide  "good  inner-loop  stability  and 
positive  manual  control  in  all  axes  of  the  air 
vehicle  throughout  its  intended  operating  envelope 
both  in  flight  and  on  the  ground  (satisfying  the 
Intent  of  MIL-F-8785C)".  This  subjective 
requirement  was  intended  to  convey  that  we  were 
seeking  good  flying  qualities  over  the  whole 
envelope  guided  more  by  the  intent  than  the  letter 
of  the  specification.  Tills  recognizes  that,  while 
the  intent  is  to  provide  flying  qualities  clearly 
adequate  for  the  mission,  the  letter  of  the 
specification  ia  no  guarantee.  In  addition,  the 
requirement  tor  'positive  manual  control'  was 
intended  to  preclude  consideration  of  automatic 
landing  systems,  for  instance.  One  flying 
qualities  requirement  that  wa3  explicitly  called 
out  in  the  Statement  of  Work  vaa  to  minimize  time 
delay,  i.e.,  lag  in  aircraft  response  to  pilot 
control  input.  Although  the  importance  of  time 
delay  ia  more  widely  accepted  now,  it  Btill  should 
be  an  explicit,  hard  requirement  in  any  control 
system  to  be  designed  for  any  precise  task. 

Specific  flight  control  modes  were  required 
with  the  rationale:  "in  order  to  provide  the 
ability  to  assess  task  performance  and  minimize 
pilot  workload  Jr.  the  flight  vehicle,  the 
Integrated  system  6hall  also  provide  the 
flexibility  to  permit  Inflight  selection  of 
mission  task  oriented  control  modes  as  determined 
by  analysis  and  simulation.  Mode  switching 
transients  shall  not  produce  unsafe  aircraft 
reaponseb.  As  a  minimum,  the  following  modes  are 
required : 

A  CONVENT  TONAL,  mode  shall  be  designed  lor 
satisfactory  performance  over  the  flight  rent 
envelope,  including  conventional  landing,  without 
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the  use  of  the  added  tuchnologies,  Ttil m  mode  will 
serve  as  a  baseline  for  performance  evaluation  and 
aa  a  backup  In  the  event  of  multiple  failure  of 
the  new  technology  components . 

A  STOI.  mode  shall  be  designed  to  provide  precise 
manual  control  of  flight  path  trajectory,  airspeed 
and  aircraft  attitudes.  The  integrated  control 
system  and  other  technologies  shall  b*  combined  to 
provide  short  field  performance  In  weather  and 
poor  visibility.  The  purpose  of  this  mode  is  to 
minimize  pilot  workload  during  precise  manual 
landings,  high  reverse  thrust  ground  operations 
and  maximum  performance  takeoffs. 

A  CRUISE  mode  shall  be  designed  to  enhance  normal 
up-and-away  and  cruise  task  performance,  with  and 
without  external  stores.  The  purpose  of  this  mode 
is  to  use  the  integrated  control  system  and  other 
technologies  to  optimize  appropriate  measures  of 
merit  representing  an  improvement  over  the  cruise 
capability  of  the  baseline  aircraft. 

A  COMBAT  mode  shall  be  designed  to  enhance 
up-and-away  maneuverability,  with  and  without 
external  stores.  The  purpose  of  this  mode  is  to 
use  the  integrated  control  system  and  other 
technologies  to  optimize  appropriate  measures  of 
merit  representing  an  Improvement  over  the  combat 
maneuvering  or  weapon  delivery  performance  of  the 
baseline  aircraft". 

During  the  development  process,  these  required 
■odes  evolved  into  the  list  shown  in  Figure  2  and 
described  further  throughout  the  paper.  The  S/MTD 
control  law  development  was  done  ana.' y tier lly  but, 
as  with  any  other,  was  supported  by  extensive 
piloted  simulation.  A  fixed-base  facility  at 
McDonnell  Aircraft  and  a  motion-base  one  at  Wright 
Research  &  Development  Cjnter  were  both  used  - 
with  identical  modelling.  The  simulation  resulto 
have  proven  to  agree  with  flight  test  resulca  to 
be  discussed, 

HANDLING'  QUALITIES  DEVELOPMENT 

All  the  bidders  on  the  S/MTD  contract  were 
strongly  encouraged  to  use  multivariable  control 
theory,  although  it  was  not  expressed  as  an 
absolute  requirement.  With  integration  as  a 
program  objective,  there  was  some  uncartainty  that 
a  classical  approach  would  optimize  use  of  all  the 
available  effectors.  At  the  same  time,  there  was 
no  desire  to  commit  to  a  totally  multivariable 
design  approach.  The  S/MTD  control  laws  ware 
designed  using  a  combination  of  classical 
techniques  by  McAlr  and  multivariable  theory  by 
Honeywell  (see  e.g.  Reference  2).  One  of  the 
results  of  this  development  is  that  problems  with 
the  flying  qualities  specification  are  Independent 
cf  the  design  methodology.  Both  classical  end 
multivariable  approaches  first  require  the 
definition  of  the  optimum  transfer  function  to  use 
as  the  design  requirement.  Figure  3  shows  the 
final  implementations  that  ere  beint,  flown  in  the 
aircraft , 

Longitudinal  Axes 

The  obvioue  emphasis  in  developing  the 
up-and-avay  modes  was  for  pitch  tracking.  The 
initial  design  represented  a  Level  I  conf iguratlou 
by  MIL-F-8785C  requirements,  bur  received  Level  2 
ccmmmnt*  and  pilot  ratings  for  a  tracking  task  in 
piloted  simulation.  The  development  to  the  final 
Level  1  conf igurat inn  (Reference*  3  end  4)  also 
isd  to  a  natural  separation  of  requirements 
between  the  CONVENTrONAL/COMBAT  mode  tracking 
characteristics  and  tha  CRUISE  mod*  flight  path 
control.  The  method  chosen  to  improve  thz 


original  design  (i.e.  increase  the  pitch  attitude 
bandwidth)  was  to  increase  the  effective  numerator 
time  constant  to  a  higher  frequency,  and  augment 
short  period  frequency  to  maintain  the  choBen 
value  cf  (Figur®  4a).  The  simulation 

results  were  favorable  pilot  comments  and  ratings 
for  the  tracking  task.  At  the  same  time,  the 
abort  term  response  of  normal  acceleration  to 
pitch  rata  differed  from  the  classical  long  term 
response.  This  gives  the  characteristics  shown  in 
Figure  4b.  The  decision  was  made  to  implement  the 
improved  tracking  characteristics  in  the 
CONVENTIONAL  and  COMBAT  modes,  but  to  leave  the 
CRUISE  mode  with  Level  2  tracking  characteristics 
and  a  precise  load  factor  (flight  path)  reaponse. 
This  yielded  the  opportunity  of  flying  the 
different  characteristics  in  back-to-back  tests. 

A  significant  development,  efiort  went  into 
achieving  precision  flaps-down  flying  qualities  to 
support  the  landing  distance  requirement.  In  the 
Statement  of  Work,  lending  was  defined  as  a 
Category  A  tracking  tank.  in  the  notation  of 
MIL-F-8785C.  This  had  the  practical  effect  of 
increasing  the  minimum  allowable  short  period 
frequency,  ie.,  increasing  minimum  pitch  attitude 
bandwidth.  Even  this  Increased  requirement  wes 
less  stringent  than  bandwidth  requirements 
proposed  as  alternate  criteria  and  now  included  in 
MIL-STD-1797.  It  did  establish  that  the  intent 
was  to  develop  a  maneuvarable  and  controllable 
configuration,  including  the  effects  cf 
croaswlnds,  gusts,  turbulsnce  etc.  This  applied 
to  the  CONVENTIONAL  and  STOLTOA  modes,  but  most 
emphasis  was  placed  on  the  SLAND  mode. 

The  short  landing  distances  are  facilitated  by 
providing  maximum  reverse  thrust  immediately  after 
touching  down.  To  achieve  this,  the  final 
approach  is  made  with  the  engine  spooled  up  to 
1001  RPM  and  the  exhaust  passing  through  vanes 
which  are  controllable  from  45  degrees  aft  to  45 
degrees  forward  of  normal.  These  fast-acting 
vaues  also  provide  for  high-bandwidth  control  of 
alrspsad  because  there  is  no  Influence  of  engine 
spool-up  time.  Design  of  the  SLAND  longitudinal 
control  laws  (pitch  and  thrust  axes)  was 
accomplished  using  multivariable  control 
techniques.  The  complete  design  requirements 
Included  ii  specified  form  of  the  pitch  and 
airspeed  responses.  There  are  also  requirements 
to  decouple  the  two  axes,  ho  That  there  is  neither 
airspeed  response  to  a  stick  input  nor  pitch  rate 
response  to  throttle  input.  In  the  final  for*  of 
the  control  laws,  two  features  are  to  be  noted  — 
decoupling  is  achieved  by  sending  both  pitch  and 
thrust  commands  to  the  upper  and  lower  reverser 
vanes,  and  the  form  of  the  response  in  each  axis 
is  daflaed  by  a  command  prefilter.  Now,  in  terms 
of  pilot  action,  the  feedback  of  airspeed  to  vane 
angle  holds  airspeed  constant  until  the  throttle 
is  moved.  The  pilot  retains  control  because 
throttle  movement  commands  a  new  airspeed  and 
consistent  flightpath  change.  The  stick  commands 
pitch  rate  directly  but,  with  speed  held  constant, 
it  io  effectively  a  flightpath  rate  command.  On 
approach,  the  pilot  seta  airspeed  with  throttle 
and.  once  the  correct  airspeed  is  acquired, 
flightpath  is  controlled  solely  with  atlck  input. 

This  development  highlighted  the  lack  of 
criteria  for  a  precision  touchdown  (see  also 
References  4-6).  Figure  5  (and  References  A  4 
5)  presents  results  from  a  moving ~ bate  simulation 
which  show  that  the  alternate  bandwidth  required 
is  too  stringent  wifh  speed  hold  and  not  stringent 
enough  without  it,  using  the.  S/MTD  touchdown 
dispersion  goal.  Reference  6  presents  results 
from  a  fixed-base  simulation  in  which  generally 
lower  veluae  of  bandwidth  were  satisfactory. 


Motion  cues  may  explain  soma  or  ail  of  the 
dif iterances .  We  conclude,  however,  that  more 
research  is  needed  to  define  leading  requirements 
for  pitch  as  a  function  of  both  the  speed 
stability  and  the  required  touchdown  dispersion. 

Lateral  U  Directional  Axes 

Initially,  the  lateral  directional 
requirements  were  believed  to  be  a  conventional 
application  of  MIL-F- 8785C.  No  multivariable 
design  or  analysis  was  attempted  for  these  axes, 
the  lateral-direct tonal  control  lavs  were 
developed  uoing  classical  design  methods.  The 
lateral  control  lews  utilize  a  conventional  roll 
rate  feedback  path.  In  addition  tc  a  limited  roll 
rate  feedback  for  gust  rejection.  The  directional 
control  laws  incorporate  and  estimated 
feedback  paths.  In  addition,  interconnects  from 
the  lateral  control  surface  commands  to  the 
directional  controls  are  used  for  roll 
coordination.  The  gains  were  defined  using  design 
guidelines  established  early  in  the  development 
phase.  The  goal  for  the  Dutch  roll  damping  was 
0.7,  the  Dutch  roll  frequency  was  designed  to 
emulate  the  F-15,  and  tha  roll  mode  time  constant 
wan  0.3  seconds  above  180  knots. 

Equivalent  system  analyses  indicated  that  the 
Dutch  roll  and  roll  mode  characteristics  were 
close  to  those  desired.  In  addition,  the 
equivalent  time  delays  in  the  lateral  axis  were 
between  0.055  and  0.060  seconds.  Sideslip 
excursions  to  lateral  stick  cotraaiidg  were  very 
small,  and  the  roll  rote  oscillations  (P  /P  ) 
were  zero.  All  of.  the  handling  qualities 
parameters  were  within  the  MIL-F-8785C  Level  1 
requirements. 

Results  from  the  McAfr  manned  flight  simulator 
Indicated  that  the  large  amplitude,  open  loop 
response  was  Level  1.  The  pilots  considered  the 
roll  response  crisp,  with  excellent  roll  capture 
characteristics.  However,  tracking  a  3G  or  5G 
reversing  target  was  Level  2.  When  moving  the 
pipper  from  one  wing  tip  to  another,  it  was  noted 
that  there  was  no  initial  response  to  a  lateral 
stick  Input.  Then,  about  the  time  the  pilot  would 
typically  begin  to  add  more  stick,  the  pipper 
would  vapidly  move  acroso  the  target,  resulting  in 
an  overshoot.  The  difficulty  this  caused  resulted 
fn  Cooper  Harper  ratings  consistently  between  four 
and  six.  Tha  tracking  appeared  to  degrade  with 
increasing  airspeed,  with  the  worst  flight 
condition  evaluated  being  at  Mach  0.9,  10,000 
feet.  Load  factor  had  little  effect:  on  the 
tracking 

The  tracking  evaluation  was  repeated  on  the 
LAMARS  facility  at  WPAFR  with  the  same  results. 

The  presence  or  absence  of  motion  was  not  a 
factor.  A  matrix  of  control  law  point  designs  van 
then  tested  at  selected  flight  conditions,  based 
on  the  results,  a  shaping  pref liter  was  added  to 
the  crossfeed  path  of  differential  stabliator  tc 
rudder  and  implemented  In  subsequent  simulation 
testing.  The  result  was  Level  I  flying  qualities 
in  tracking,  as  well  as  open  loop  response,  at  fill 
flight  conditions  evaluated. 

The  control  law  change  had  minor  effects  on 
the  MIL-Spec  flying  qualities  parameters.  Since 
"here  was  r.o  obvious  reason  for  the  faprovement  in 
tracking,  further  analyses  were  undertaker,  in  an 
attempt  to  identify  the  parameters  Important  in 
thle  task  ant!  to  understand  the  dynamics  involved. 
To  accomplish  this,  time  histories  o:  the  lateral 
control  response  were  generated  in  a  s-  banked 
turn.  The  roll  rate,  yaw  rate  and  sideslip  angle 
responses  with  tht  origins!  and  the.  revised 


control  lave  are  compared  in  Figure  6.  The 
sideslip  la  very  small  in  either  case,  the  pipper 
excursions  during  tracking  fnr  exceeded  those 
caused  by  the  sideslip.  Tha  roll  rata  response 
was  essentially  identical  in  each  case.  The 
biggest  diffarence  was  In  yaw  rets.  While  the 
magnitude  was  the  same  In  each  cesa,  the  leg 
between  the  yaw  cate  and  the  roll  rate  was 
noticeably  smaller  with  the  revised  system. 

The  next  step  taken  was  to  obtain  a  better 
indication  of  the  dynamic  characteristics  of  the 
pipper  aim  point  on  the  target  aircraft.  The 
target  was  assumed  to  hold  the  Initial  load  factor 
throughout  the  run.  A  range  of  1,500  feet  was 
used.  Time  histories  of  the  lateral  variation  of 
the  aim  point  on  the  target  aircraft  as  a  result 
of  lateral  control  Inputs  were  obtained.  The 
results  using  the  original  control  laws  confirmed 
the  pilot  observations.  As  shown  In  Figure  7, 
little  motion  in  the  target  aim  point  is  evident 
for  at  least  a  half  a  second  following  a  lateral 
stick  input.  Then  the  lateral  aim  point  bigins  to 
move  very  rapidly.  The  control  law  revision  wao 
effective  in  both  decreasing  the  initial  time 
delay  observed  in  the  aim  point  response,  and  in 
moderating  the  rate  at  which  it  traversed  the 
target  aircraft. 

It  was  further  observed  that  the  difference  in 
tbe  dynamics  of  the  target  aim  point  is  related  to 
the  lag  in  the  yaw  rate  described  earlier. 

Because  the  relative  phasing  of  the  roll  and  yaw 
rates  appeared  to  be  Important,  a  frequency 
reeponse  of  the  yaw  rate/roll  rate  phase  angle  was 
generated.  The  results  presented  in  Figure  8 
indicate  large  differences  in  the  frequency 
responses  of  the  original  and  revised  control 
lawo.  Above  a  frequency  of  about  2  radians/second 
the  phase  lag  with  the  original  control  laws 
begins  to  lncreaae,  while  the  revised  control  law 
phase  lag  actually  decreases  somewhat.  Above.  10 
radlans/ceconds  the  differences  in  the  phase  lag 
become  even  more  pronounced.  Hence  significant 
differences  in  dynnmi c  characteristics  of  the  two 
systems  exist  ever,  though  the  conventional  flying 
qualities  parameters  are  similar. 

Flight  test  results  have  confirmed  the 
simulator  findings.  Pilot  ratings  obtained  in  air 
to  air  tracking  tasks  were  in  the  I.evui  1 
category,  with  the  exception  of  one  point  which 
received  a  rating  of  4 .  It  was  found  that  an 
offset  in  the  corrected  AoA  used  by  the  flight 
controller  resulted  in  a  larger  phase  angle 
betwten  yaw  race  and  roll  race  at  this  condition 
that,  was  predicted.  A  software  change  corrected 
the  AoA  offset  and  Improved  the  phase  angle,  A 
i spent  of  this  test  point  received  a  pilot  rating 
cf  2.  This  data  provided  «  variation  of  pilot 
rating  with  phase  anpie  that  Is  presented  in 
Figure  9.  A  frequency  oi  fc.fl  rad/sec  was  used, 
since  It  was  found  to  be  typical  of  pilot  inputs 
during  the  tracking  task.  Simulator  results  for 
the  CONVENTIONAL  mode  are  a) to  shown.  The  data 
available  are  inadequate  t.o  establish  a  firm 
specification  but  do  Indicate  that  this  phase 
angle  i»  a  candidate  for  a  second-tier  criterion 
to  provide  guidance  In  designing  tha 
lateral / directional  axes  to  have  Level  i  tracking 
characteristics . 

The  development  ol  the  flapa-dciwn  lateral  and 
directional  axes  would  have  been  conventional 
except  for  the  heavy  emphasis  on  crosswind  landing 
and  also  on  an  unconventional  control  capability 
oi  the  configuration.  Differential  canard 
deflection  can  be  combiner,  wico  rudder  deflection 
to  yield  direct  sideforce  control.  During  the 
approach,  the  direct  sldeforc.e  is  commanded  bv  the 


rudder  pedals  based  on  the  assumption  that  Che 
pedals  are  only  used  tor  s  crosswind  landing.  The 
Implementation  still  allows  the  pilot  the  choice 
of  a  crabbed  or  slipped  technique.  The 
appearance,  however.  Is  of  a  crosswind 
approximately  501  of  the  true  value.  After 
touchdown,  command  of  direct  aideforce  is 
transferred  to  lateral  stick.  This  again  gives 
the  pilot  a  natural  technique  of  putting  "stick 
Into  the  wind"  during  the  rollout. 

Ground  Handling  (ode 

Development  of  the  ground  handling  mode  was 
also  an  Incense  effort.  There  were  very  strong 
Interactions  between  the  jet  Interference  effects 
and  ground  effects  (Reference  1),  the  most  adverse 
being  a  nose-up  pitching  moment  at  forward 
deflections  of  the  lover  reverser  vanes.  Special 
logic  was  naeded  to  ensure  that  the  aircraft  could 
achieve  a  3-point  attitude  following  touchdown. 

The  forward  deflection  of  the  lower  vanes  Is 
scheduled  with  pitch  attitude  tc  minimize  pitching 
moment,  maximum  reverse  thrust  being  achieved  as 
3-point  attitude  Is  reached.  Weight-on-wheals 
indication  Introduces  a  nose-down  control  Input, 
raises  the  flaps  and  drooped  ailerons,  cancels  the 
lateral/dlrectional  Interconnects  «cd  commands 
maximum  reverse  thrust  and  braking  If  selected  by 
the  pilot.  The  requirements  to  optimize  both  vet- 
and  dry-runway  stopping  produce  conflicting 
effects,  Figure  10  shows  calculated  ground  tracks 
for  both  conditions  in  gustlng  30  kt  crosswlnds. 
Ground  track  stability  was  enhanced  by  the 
addition  of  yaw  rate  feedback  to  nosewheel 
steering.  Finally,  controllability  is  assured  by 
commanding  direct  sldeforce  with  lateral  stick  and 
yaw  rate  with  rudder  pedals.  Figure  11  shows  the 
predicted  control  activity  corresponding  to  the 
two  runs  in  Figure  10.  Wet  runway  and 
crosswind  testing  have  not  been  done,  so  it  is 
appropriate  to  present  simulation  results  here 
(summarized  from  Reference  7). 

With  no  crosswind,  the  rollout  was  no  problem, 
with  the  runway  icy  or  dry.  The  pilots  achieved 
desired  performance  moat  of  the  time  and  no 
deficiencies  were  noted.  The  pilots  rated  it 
solid  Level  1,  all  Cooper-Harper  2's. 

With  crosswlnds  the  pilots  encountered  some 
handling  qualities  problems  depending  on  the 
runway  condition.  On  a  dry  runway  there  was  a 
strong  roll  transient  right  at  touchdown, 
apparently  caused  by  the  reaction  of  whichever 
gear  struck  the  runway  first.  Since  a  crosswind 
approach  Is  usually  made  with  the  upwind  wing  low, 
It  was  typically  the  upwind  gear  that  hit  first 
and  thus  the  roll  was  almost  always  away  from  the 
wind.  This  mode  the  roll  tendency  even  worse 
since  the  crossciud  then  increased  the  rolling 
tendency.  The  higher  the  crosawlnd  the  greater 
the  rolling  tendency.  The  second  problem  was  a 
tendency  for  the  aircraft  to  run  in  the  direction 
the  nose  waa  pointing  at  touchdown  instead  of 
skidding  In  the  direction  of  the  flight  path  and 
the  nose  coming  around.  With  a  15  knot  crosswind, 
the  touchdown  tranaient  and  the  initial  direction 
change  were  not  difficult  to  control.  The  pilot* 
ueually  were  able  to  counter  the  direction  change 
at  touchdown  and  keep  the  airplane  within  desired 
criteria  (within  12.5  feet  of  centerline).  The 
taek  was  rated  a  Cooper-Harper  3.  With  the  20  and 
25  brsot  erosavlnds,  the  pilots  had  more  difficulty 
controlling  the  initirl  transients.  The  Jnltir] 
direction  change  sometime*  carried  them  outBlde  of 
the  desired  criteria  before  they  could  counter  It. 
The  higher  the  wind,  the  more  frequently  they 
failed  to  contain  the  direction  change  within 
desired  criteria.  Once  desired  criteria  waa 


achieved  it  was  easily  maintained,  pilots  rated 
these  cases  bordorllns  Level  1 /Level  2.  Ratings 
for  the  20  knot  crosswind  canes  ranged  from  3  to 
5,  mostly  Level  2.  Ratings  for  the  25  knot  case 
ranged  from  3  to  6,  mostly  Level  2.  With  a  30 
knot  crosawlnd  the  pilots  were  rarely  able  to 
contain  the  initial  transient  to  desired  criteria. 
Again,  once  desired  criteria  was  achieved  it  was 
easily  maintained,  Cooper-Harper  ratings  were 
solid  Level  2,  ranging  from  4  to  6.  In  all  cases, 
the  level  2  ratings  were  due  entirely  to 
difficulties  keeping  the  initial  transient  within 
desired  criteria.  Once  recovered  from  the 
Initial  tranaient,  control  of  heading  was  no 
problem. 

On  icy  runways,  the  reduced  runway  friction 
allowed  the  aircraft  to  skid  in  the  direction  or 
the  flight  path  and  also  seemed  to  reduce  the 
magnitude  of  tha  gear  reaction  so  the  Initial 
touchdown  transients  were  not  a  problem.  However, 
a  bigger  problem  was  a  dendency  to  get  Into  a 
slide  downwind  that  could  not  be  stopped  before 
the  aircraft  slid  off  the  MOS.  Thrust  reversing 
on  the  runway  gave  the  aircraft  a  tendency  to  yaw 
away  from  the  relative  wind  during  the  rollout. 

The.  pilot  would  put  in  rudder  to  correct  this  and 
the  nose  would  come  around,  but  the  aircraft  would 
continue  to  slide  downwind.  The  slide  could  not 
be  stopped  until  the  velocity  got  slow  enough  to 
get  effective  nose  wheel  steering. 

With  a  15  knot  crosswind,  the  yawing  and 
sliding  tendency  could  be  controlled  well  enough 
with  direct  sldeforce  control  that  the  pilots 
didn't  need  to  come  out  of  reverser  to  keep  the 
airplane  within  desired  criteria,  tile  ratings  for 
these  cases  were  Level  1 .  In  the  20  knot 
croasvlnd  cases  the  pilots  noticed  the  sliding 
tendetcy  more  but  were  still  able  to  control  it. 
The  pilots  rated  this  borderline  Level  1  ./Level  2 
with  Cooper-Harper  ratings  from  2  to  4,  Mostly 
Level  I.  In  the  25  knot  crosswlnds  the  pilots 
could  not  stop  the  elide  before  getting  out  of 
desired  criteria.  If  they  come  out  of  reverser, 
the  aircraft  was  controlled  before  sliding  off  of 
the  MOG.  If  they  did  not  come  out  of  reverser, 
the  aircraft  could  not  conaistently  stay  on  the 
MOS.  When  the  pilots  used  the  technique  of  comi  ig 
out  of  reve'ser,  rollout  task  ratings  were 
borderline  Level  1/Level  2.  When  they  did  not 
come  out  of  reverser  pilot  ratings  were  Level  2, 
5'e  and  6's.  With  a  30  knot  crosswind,  they  had 
to  come  out  cif  reverser  to  stay  on  the  MOS,  pilot 
ratings  were  Level  2,  6's  and  7's. 

All  the  pilot  ratings  for  this  task  are 
presented  in  Figure  12.  Also  shown  ie  the 
"allowable"  variation  of  rating  with  increasing 
disturbance  intensity,  given  by  Seclion  3.8  of 
M1L-F-8785C.  Thus,  the  pilot  ratings  of  4-6  arc 
satisfactory. 

FLIGHT  TEST  RESULTS 

The  flight  test  program  contains  three 
distinct  phases.  An  initial  phase  used 
axisyxsnetricul  (production)  exhaust  nozzles  to 
perform  systems  validation,  flatter  and 
aeroservre lastlcity  clearances,  and  an  evaluation 
of  the  C'OKVKNTIONAL  mode.  This  >hasa  began  in 
September  1988.  Two-dimensconal  nozzle  testing 
with  vector  capability  began  in  Mav  1989.  Initial 
enhanced  mode  and  vectoring  rvalue  ions  were 
performed.  Finally,  testing  of  the  2-D  nozzle 
with  full  capability  coemwnced  in  March  1990  and 
Is  scheduled  cu  continue  through  April  1991,  The 
test  progr no  is  a  full-envelope  evaluation  of  all 
the  technologies ,  o.g.  a  list  of  test  milestones 
It  presented  in  Figure  13.  Reference  1  presented 


some  early  results  of  the  axisymmetric 
configuration  incluiiing  the  minor  software  fixes 
that  were  required.  References  8-10  present  the 
pilots'  opinions  of  the  aircraft.  The  simplest 
and  most  direct  form  of  presentation  of  handllug 
qualities  flight-test  results  would  l>e  tables  or 
graphs  of  Cooper-Harper  ratings.  In  fact,  the 
table  of  ratings  shown  in  Figure  14  has  been 
published.  There  is  a  lot  more  information  behind 
the  simple  numbers.  Here,  we  present  the  flying 
qualities  results  mostly  in  the  form  of  pilot 
comments.  These  comments  (with  ratings)  show 
excellent  agreement  with  the  analytical  and 
simulation  development  results.  They  also  provide 
an  interesting  diversion  in  comparing  different 
likes  of  the  different  pilots,  which  would  bo. 
masked  by  a  sijple  presentation  of  Cooper-Harper 
ratings. 


Handling  Qualities 

During  Tracking 

Mach  0.6/10K: 

Gross 

Fine 

CONV  HQR 

2 

2 

COMBAT  HQR 

3 

3 

o  "Combat  received  HQR  3  or  3.5  because  of 
increased  pitch  bobble,"  (Pilot  A) 


o  "Lateral  accelerations  at  the  cockpit  in 
COMBAT  mode  are  much  higher.  (Pilot  B) 

o  "CONV  stopped  when  put  It  there. "  (Pilot  A) 

o  "COMBAT  not  ts  predictable,  tracks  better 
CONV."  (Pile'  A) 

o  "COMBA"  HQDT  Improve  with  C  increases." 
(Pilot  A) 


Mach  0.7/20K: 

Gross 

Fine 

CONV  HQR 

3 

3 

CRUISE  HQR 

4 

4 

COMBAT  HOR 

3 

3 

o  "Slight  pitch  sensitivity  in  CONV."  (Pilot  C) 

o  "Tendency  toward  small  directional  overshoots 
ln  CRUISE  with  pitch  sensitivity  equivalent  to 
CONV."  (Pilot  C) 

o  "Very  nice  pitch  control  in  COMBAT:  less  pitch 
sensitive  than  CONV.  This  was  the  best  mode 
of  all  for  flacking."  (Pilot  C) 

c  "COMBAT  was  much  less  PIC  prone."  (Pilot  C> 

Mach  ')■  9/20K  Cross  Fine 

CONV  HQR  3  2 

CRUISE  HQR  4  3 

COMBAT  HQR  (  i 

o  "HQDT  ln  all  three  modes  was  very  nice. 

(Pilot  B) 

o  "The  biggest  delineator  for  all  tasks  in  the 
three  modes  wan  the  relatively  poor  gross 
acquisition  lr,  CRUISE.  The  initial  overshoot 
was  large,  ?5t  mil,  but  I  usually  only  had  one 
overshoot  ln  CRUISE.  In  COMBAT  and  CONV  t 
generally  had  a  much  smaller  overshoot,  hettei 
predictability,  but  cited  more  that?  one 
overshoot.  One  small  difference  was  noted  ln 
that  the  I  OMBA'f  mode  seemed  to  have  less  pitch 
acceleration  in  the  gross  acquisition  cask 
than  CONV  mode  -  to  gel  the  came  performance  1 
he  i  to  pull  harder  and  this  was  evident  as 
apparent  higher  stick  forces."  (Pilot  fl) 
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o  "Fine  tracking  was  really  nice  in  all  three 
modes.  In  CRUISE  I  did  have  moire  directional 
errors  than  ln  the  other  two  modes."  (Pilot  B) 

o  "COMBAT  gross  acquisition  is  better  than  CONV. 
A  little  more  wandering  in  the  fine  tracking 
though."  (Pilot  B) 

o  "Big  overshoot  in  CRUISE  mode."  (Pilot  B) 


Mach  0.9/30K:  Gross  Fine 

CONV  HQR  3  2 
CRUISE  HQR  4  3 
COMBAT  HQR  3  2 


o  "CONV-solid,  easy,  well  damped,  delightful." 
(Pilot  A) 

o  "CRUISE  -  poorly  damped,,  difficult 

acquisition,  fair  tracking  but  bobble  prone." 
(Pilot  A) 

o  "COMBAT  -  bobble  prone,  not  as  predictable  as 
CONV  but  better  than  CRUISE."  (Pilot  A) 

Note  that  all  of  the  racingo  are  Level  1  for  the 
CONVENTIONAL  am!  COMBAT  modes,  and  Level 
1 /borderline  Level  2  for  the  CRUISE  mode.  Very 
little  discrimination  would  be  implied  by  the 
ratings  alone.  The  comments  reflect  perceived 
differences  and  preferences  ev.v  when  the  ratings 
are  identical.  Thus  Pilot  B  says  that  COMBAT 
gross  acquisition  is  better  than  CONV,  but 
assigns  a  rating  of  3  to  both.  Pilot  C  says  that 
COMBAT  was  the  best  mode  of  all  for  tracking,  bat 
assigns  the  same  rating  as  the  CONV.  Also,  it 
can  be  reen  that  Pilot  A  consistently  prefers  the 
CONV  mode  while  Pilot  C  chooses  the  COMBAT  mode. 
No  explanation  will  be  attempted  to  explain  these 
results.  The  "engineering  evaluation"  of  the 
different  pilots  is  thet  both  pilots  A  and  B  are 
high  gain  relative  to  pilot  C.  We  can  certairl" 
rationalize  their  preferences  on  this  basis,  and 
it  supports  the  technique  of  requiring  multiple 
pilot  opinions.  In  a  development  program, 
however,  do  we  have  to  satisfy  all  pilots?  If 
not,  whose  opinion  is  given  precedence?  In  the 
S/NTD  program  we  are  lucky  -  the  differences  are 
within  the  Level  1  range  and  the  distinction  is 
academic.  This  aircraft  is  unique  ln  having  the 
capability  to  switch  modes  at  will,  and  fly  the 
modes  back-to-back,  line  distinction  within 
Level  1  characteristics  is  not  normally  a  problem 
in  a  development  program.  What  is  Important  is 
that  these  comments  do  indeed  repeat  the  comments 
that  were  noted  during  the  piloted  simulation 
program. 

Landing  Configuration 
1 0K/10. 5°  AU A: 

o  Pitch  Captures  -  "Nice  and  stable"  (Pilot  B) 
o  Flight  Path  Captures  -  "Sluggish  Just  like 
normal"  (Pilot  B) 

o  "Everything  was  fine.  1  didn't  see  anything 
I  uidn’t  like."  (Pilot  K) 

10K/L2”  AOA:_ 

o  Pitch  Captures  -  "Slight  hobble,  not  bad." 
(Pilot  C) 

o  Plight  Path  Captures  -  "Not  bad"  (PI .ol  C) 
o  Heading  Captures  -  "Slight  imiet  shoot." 

(Pilot  C) 

o  Bunk  Angle  Captures  -  "Slight  over  shoot, 
not  bad"  (Pilut  C) 

o  "  r  think  it  i  1  ies  pretty  n.ictlv,  wallowing  on 
heading  rapture  a  little."  (Pilot  C) 
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o  "Pitch  axis  is  fine,  hfarmony  between  axes  is 
good"  (Pilot  C) 

o  "Easy  to  control  flight  path"  (Pilot.  C) 
o  "45°  bank  to  bank  rolls  using  full  lateral 
stick  produce  a  sloppy  feel,  comparable  to 
other  aircraft  at  this  condition  and  not 
unique  to  the  S/MTD.  Overall  SLAND  felt  good 
in  all  axes.  (Pilot  C) 

o  Formation  Handling  Qualities  in  SLAND  mode 
showed  no  PIO  tendencies.  Response  was 
somewhat  sluggish  but  was  satisfactory  for 
this  flight  condition."  (Pilot  A) 
o  "Pitch  capture  in  SLAND  mode  had  some  bobble” 
(Pilot  A) 

o  "Velocity  vector  capture  was  easy  and  felt 
good  for  a  landing  mode"  (Pilot  A) 

The  above  comments  can  be  augmented  with  the 
following  quotes  taken  from  Reference  10:  "The 
initial  SLAND  test  was  at  10,000  ft  at  165  kt. 
Engine  operation  was  flawless  and  the  pitching 
moment  transient  was  negligible.  Flight  path 
angle  had  to  be  placed  Into  a  mild  descent  to 
avoid  limiting  the  vanes  at  their  maximum  push 
position  of  45  deg,  but  once  stabilized,  the  speed 
hold  feature  worked  well.  Pitch  control  power  was 
fine  with  good  controllability.  Lateral- 
directional  fael  was  slightly  heavier,  but  bank 
angle  capture  remained  good  as  did  directional 
control  power.  The  Dutch  roll  was  also  well 
damped.  No  PIO  tendencies  were  apparent. 

After  an  early  morning  takeoff,  the  first 
SLANDing  was  planned  for  idle  power  at  touchdown 
to  assess  ground  effects,  pltchdown  discrete,  and 
lift  dumping.  Results  showed  that  ground  effects 
caused  a  very  alight  nose  rise  prior  to  touchdown, 
but  nothing  which  would  change  pilot  technique. 

The  second  ELAND  approach,  planned  for  a  slow 
pull  to  full  reverse,  was  flown  slightly  slower, 
on-speed,  with  a  3  deg  glideslope.  Autobrake  was 
armed  to  provide  full  wheel  braking.  At 
touchdown,  the  pilot  pulled  to  full  reverse.  The 
SMTD  derotated,  dumped  lift,  reversed,  and  braked 
'it  was  almost  like  catching  an  arresting  cable.’ 
Handling  qualities  were  good  -  no  lateral 
directional  inputs  were  needed,  nor  pitch  inputs. 
Deceleration  was  quite  good.  Actual  landing 
distance  was  1,707  ft,  in  spite  of  the  heavier 
weight  and  Edwards'  altitude  and  temperature.  If 
corrected  to  sea  level  standard  day  and 
demonstration  gross  weight,  the  distance  would 
have  been  In  the  fifteen  hundreds". 

o  "Spot  landings  in  both  CONVENTIONAL  and  STOI. 
mode  were  difficult.  I  could  not  see  any 
difference  In  precision  between  the  two  modes". 
These  comments  are  consistent  with  the  piloted 
simulation  results,  l.e.  with  no  speed  hold  In 
either  mode  and  "normal"  'sps  down  flying 
qualities.  The  resultH  wi 1  >rm  a  reference  for 
touchdown  dispersion  evaluation  of  the  SLAND  mode 
still  to  be  done. 

CONCLUSIONS 

The  STOL  and  Maneuver  Technology  Demonstrator 
has  Integrated  thrust  vectoring  and  reversing  into 
an  Integrated  Fllght/Propulslon  Control  system. 
Level  1  handling  qualities  have  been  develop*"! 
across  the  full  envelop#  from  supersonic  and 
subsonic  maneuvering  to  precision  landing.  The 
JeslRn  was  done  to  the  "intent"  of  MIL-F-8785C, 
which  had  to  be  supplemented  In  some  areas  wltn 
second-tier  criteria  that  are  now  Included  In 
MIL- STD- -1  797  .  This  paper  has  reviewed  the  S/MTD 
development  from  the  Initial  specification  through 
to  current  flight  teat  results.  Lessuris  learned 
have  been  presented  with  respect  to  both 


individual  specification  criteria  and  design 
methodology.  Two  areas  are  identified  in  which  it 
is  considered  that  the  current  criteria  are 
inadequate:  1)  pitch  axis  requirements  as  a 
function  of  touchdown  dispersion,  ana  2) 
directional  axis  requirement  for  target  tracking. 
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Figure  1.  S/MTD  Configuration 
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Sunima'-y 

Roll  characteristics  of  highly  augmented  aircrqft  during 
compensatory  tasks  such  as  tracking  and  landin' >  have  shown 
to  present  degraded  flying  qualities  and  unstable  oscillations 
similar  to  those  observed  in  the  pitch  axis.  The  present  work 
extends  the  ideas  behind  Gibson's  method  to  develop  handling 
qualities  criteria  for  the  roll  axis  control  system.  The.  analysis  is 
performed  using  an  existing  data-base  for  highly  augmented 
class  IV  aircraft  and  parameters  such  as  roll  time  constant, 
system's  delay  anti  loop  sensitivity  are  considered  for  designing 
for  good  handling  qualities  and  to  evaluate  control  system 
performance.  Levels  of  flying  quadtites  are  determined  in  the 
time  domain  as  well  at  in  the  frequency  domain  for  both 
tracking  and  landing  tasks.  Furthermore,  the  presence  of  pilot 
induced  oscillation,  and  roll  ratcheting  is  identified. 
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!.  Introduction 

Modern  high  performance  aircraft  rely  heavily  on 
stabil;  y  augmentation  for  increased  performance.  Current 
experience  with  aircraft  having  high  order  dynamics  due  to 
artificial  stabi'ization  controller:;,  digital  implementator!,  ex.  has 
shown  a  dramatic  improvement  in  system  response, 
controllability  and  maneeuc 'Stability.  Handling  qualities 
deficiencies,  however,  have  surfaced  due  to  generic  problems 
such  as  over  sensitivity  to  small  control  inputs  and  sluggish 
response  10  large  inputs.  Improper  control  gains  and  time  delays 
coupled  with  higher  order  effects  have  resulted  in  low  frequency 
RIO  and  high  frequency  ratcheting  interaction  [  1 J. 

As  reflected  In  the  latest  military  specificaiinnr  |2],  |3', 
the  majority  of  the  wort,  in  handling  qualities  research  has  beer, 
limited  to  longitudinal  motion.  Among  the  reasons  were  the 
recognition  of  the  longitudinal  plane  as  the  primary  plane  in 
closed  loop  control  tasks,  the  availability  of  a  large  experimental 
data  base  and  the  introduction  of  aircraft  with  high  level  of 
longitudinal  augmentation  to  compensate  for  relaxed  static 
stuhtity 


Presently  with  the  Atrospaci:  Engineering  Department 
Auburn  t’piversil/.  AL  ;r6M9VU8.  V  S.A 


Traditionally,  lateral  dynamic  characteristics  have  not 
been  considered  critical  in  the  assessment  of  the  overall  handling 
qualities.  Specifications  tor  ihc  roll  response,  for  example,  are 
based  essentially  on  open  loop  type  parameters  such  as  roll  time 
constant,  maximum  roll  rate  and  time  to  go  through  a  bank  angle 
for  roll  control  effectiveness  f2],  [3], 

Lateral  handling  qualities,  however,  are  becoming  more 
important  in  reladon  to  increased  control  system  augmentation 
level  at  high  angle  of  attack,  to  pitch-roll  coupling  during  loaded 
maneuvers  and  to  agility  requirements.  Recent  experimental 
results  [4]  have  shown  the  presence  of  low  frequency  pilot 
induced  oscillations  in  roll  (due  to  mismatch  between  roll  zeros 
and  poorly  damped  dutch-roll)  and  high  frequency  ratcheting 
[5],  Highly  augmented  aircraft  have  also  shown  poor  handling 
qualities  in  the  roll  axis  due  to  the  compensation  of  roll  time 
constant  lag  to  yield  an  integral-type  response,  resulting  in  large 
lateral  acceleration  at  'he  pilot's  station.  The  attenuation  of  such 
acceleration  and  consequent  lagging  has  shown  [4]  to  in  trod  uc 
pilot  induced  oscillations  similar  to  those  experienced  in  the  pitch 
axis. 


A  comprehensive  technique  for  longitudinal  handling 
qualities  analysis  and  assessment  has  been  developed  over  the 
years  by  Gibson  at  British  Aerospace  [6j,  [7],  [8]  using 
experience  acquired  in  the  EAP  (experimental  aircraft 
programme)  and  in  the  development  of  aircraft  like  the  Jaguar 
*FBW  and  the  Tornado.  The  main  objectives  of  Gibson's 
derivations  (also  referred  as  the  dropback  method)  are  >he 
explanation  and  prediction  of  PIO  experienced  during  critical 
flight  phases  of  highly  augmented  aircraft  Good  correlation  has 
been  obtained  with  the  dropback  method  in  matching  pilot 
opinions  to  aircraft  characteristics  in  fracking  and  landing  for 
military  [8],  [9]  us  well  as  transport  aircraft  [101.  Agreement 
with  the  new  longitudinal  handling  qualities  specifications  has 
also  been  reported  [11],  [12]. 

The  basic  idea  behind  Gibson's  method  is  that  of 
achieving  "good  classical  airplane  charactei istics  in  the  presence 
of  high  order  effects  due  to  augmentation.  The  flight  control 
system  should  be  designed  to  have  not  only  classical  response 
but  also  to  satisfy  the  specific  task  requirements,  ft  is  clear  that 
easily  and  directly  identifiable  metrics  are  required  instead  of 
specifications  given  in  terms  of  modes.  These  would  then 
encompass  both  classical  and  modern  airplanes  in  a  more 
straightforward  manner. 

Gibson's  method  combines  time  response  and  frequency 
response  techniques  in  the  pitch  axis  to  cover  the  frequency 
spectrum  of  interest  to  the  p.lot.  The  time  domain  analysis  looks 
at  attitude,  pitch  rate  and  acceleration  responses  »o  a  block  type 
stick  input,  as  shown  in  Fig.  1  [7J.  The  behavior  of  the  initial 
response  at  the  time  of  stick  release  is  related  to  pilot  comments, 
ihe  frequency  domain  analysis,  based  on  Nichols  charts  of  the 
(.pen  loop  response  with  pure  gain  manual  compensation, 
highlights  RIO  tendencies  by  relating  such  instability  u,  'ree 
phase  rate  at  180  degrees  and  its  corresponding  phase  lag 
crossover  frequency.  Parameters  such  as  dropback,  overshoot 
and  phase  rate  can  be  easily  obtained.  These  are  re!,  led  to  typical 
short  period  dynamics  comments  like  babbling,  sluggishness 
and  induced  instability.  The  Gibson’s  criterion  is  not  reviewed 
here  and  the  interested  reader  can  refer  to  |6|.  (7],  (SJ,  [9|,  | 1  J| 
for  more  details. 


variation  along  will*  other  roll  parameters.  Roll  control 
sensitivity  imp  roll  control  effectiveness  are  direc-ty  relit  ted  r. 
command  gain,  6yi'#,  .  V7e  define  roll  control  sensitivity  as  [la- 
gain  required  by  the  steady  state  roll  rate,  pM  to  u  unit  step 
input.  Roll  control  effectiveness.  I  is  defined  as  roll  control 
sensitivity  per  unit  roll  time  constant,  or 

The  lirn rations  of  lateral  handling  qualities  with  respect  1-Vas  ~  !’ss  ‘  Tr 
to  high  pcrfoniittttce  aircraft  have  been  acutely  felt  since  the 

MJL-SPEC-8785C,  which,  while  being  used  for  both  design  Tasks  performed  tailing  the  LATHOS  experiment  were 

and  testing  of  developing  aircraft,  failed  to  provide  the  desired  representative  of  flight  phases  category  A  and  C  and  consisted  oi 

handling  qualities.  TTiese  limitations  could  l»e  attributed  to  a  actual  target  tracking,  air-refuelling,  precision  approach  and 

limited  data  base,  which  mainly  represented  aircraft  of  the  World  landing  as  well  as  special  head  up  display  tracking  tasks. 

War  II  era,  having  little  or  no  lateral  augmentation.  The  need  for 

identifying  problems  related  to  a  lateral  highly  augmented  fighter  The  complete  set  of  configurations,  including  all  the 

aircraft  led  to  a  series  of  in-  flight  simulations  to  generate  cases  with  linear  gain  only,  for  the  tracking  task  are  analyzed  (29 

experimental  data  and  to  investiga'e  the  effects  of  lateral  high  cases  in  all).  The  analysis  of  the  landing  is  similar  to  the 

order  systems  (LATHOS)  [5).  The  additional  insight  gained  tracking  (although  fewer  data  points  ate  available)  and  involve 

through  the  LATHOS  experiment  provided  a  large  enough  data-  n.,S  (Instrument ! rinding  System)  and  visual  landing  tasks.  Tim 

base  for  the  revision  of  MEL-SPEC-8785C.  Currently,  MIL-  analysis  makes  no  distinction  between  these  .asks.  In  all,  10 

STD-1797  [3]  presents  die  requirements  in  a  format  similar  to  configurations  were  considered  with  only  linear  gain  variati  ns. 

the  older  specification  and,  at  the  same  time,  provides  some  Throughout  the  analysis  die  pilot  behavior  is  represei  ted  .  y  a 

guidance  for  highly  augmented  systems.  pure  gain  and  time  delay,  with  transfer  function 


The  proposed  work  extends  Gibson’s  technique  r<>  the 
roll  axis  using  the.  LATHOS  experiment  as  data  base  (S|. 
Metrics  fin  handling  qualities  evaluation  are  defined  and  level 
Ixmndanes  us  well  as  dynamic  instabilities  are  identified  for  the 
tracking  arid  landing  tasks. 

2.  Roll  Response  Requirements  and  Data  Rase 


The  present  paper  suggests  new  roll  response  metrics 
based  on  the  application  of  Gibson's  method  to  the  LATHOS 
data  base  and  presents  qualitative  as  well  as  quantitative 
relationships  between  pilot  ratings  and  typical  parameters  such 
as  roll  time  constant,  time  delay  and  control  system  gain,  which 
constitute  the  scope  of  the  present  analysis.  Fig.  2  shows  the 
modified  block  diagram  of  the  lateral-directional  flight  control 
system  for  the  .tick-toll  loop  in  the  LATHOS  flight  tests.  The 
three  primary  variables  are  shown  by  their  corresponding 

symbols,  linear  command  ga;a  roll  time  constant  i and 

pure  time  delay  t|{.  The  time  delay  Td  is  die  pure  time  delay 
generated  by  the  NT-33A's  time  delav  circuit  which  merely 
holds  the  signal  by  xd  seconds.  This  could  be  thought  of  as 
representing  dtlays  due  to  various  possible  sources  like 
structural  lag,  transport  lag  and  digital  delays  present  in  actual 
system.  The  filters  surrounding  the  time  delay  circuitry  are  third 
order  Butterworth  low  pass  filters  which  help  in  .mooihing  the 
signal  The  dutch  roll  characteristics  and  the  lead-lag  time 
constants  were  held  to  their  nominal  value  in  this  work. 

The  typical  first  order  response  for  the  aircraft  is 
assumed  to  be  given  by  the  reansfer  function 

p/Fas  =  lrI.'Fas/(xrs+ !)  (1) 

in  which  the  dutch-roll  inode  is  absent  du;  to  dipole  effect  and 
the  spiral  mode  is  absent  due  to  a  large  time  constant 

The  roll  requirements  and  justifications  for  choosing  the 
alxtvc  parameters  are  ar  follows  : 

<u>  The  mil  damping  requirement  given  by  MIL  STD  1797 
limits  the  lower  damping  to  0.3  sec.  (0  3  s  t,  S  !  seconds  for 
level  l.i.  These  results  are  supported  by  the  fact  that  some 
modem  aircraft  equipped  with  high  gain  augmentation  have  time 
constants  that  are  too  small  and  experience  an  excessive  lateral 
sensitivity  described  as  nil  ratcheting. 

(b)  The  time  delay  m  a  control  system  can  drastically  degrade 
lateral  flying  qualifies  The  MIL -STD- 1797  retains  five  pure  time 
delay  limits  given  in  the  8785C,  mainly  because  of  a  lack  in 
supporting  data  to  revise  them,  v  hich  limits  maximum  delay  to 
J  1  seconds  for  level  1  and  no  more  than  0.2  seconds  for  level 


(c!  A  very  important  parameter  that  has  not  been  dealt  with  in 
sufficient  depth  is  die  effect  of  command  g-tin  Sjl:u.  Earlier 
metrics  normally  excluded  the  effect  of  this  open  loop  gain 
variation,  s*  it  was  considered  as  an  independent  variable  to  be 
optimized.  Usually  die  gam  ss  very  critical  to  die  pilot  in  that  i* 
changes  nts/her  equalization  and  it  Is  known  to  contribute  greatly 
to  the  piiot  opinion  a. id  rating::  Hence  the  rod  metrics 
developed  in  this  paper  intrude  the  effect  of  co  arcand  gain 


Yp  =  KeTS 

where  t  is  the  pilot's  time  delay  constant,  usually  of  the  order  of 
0.2  seconds  (these  are  typical  experimental  values  tor  die  pilot  in 
compensatory  tracking  tasks).  The  gain  K  for  the  trucking  task 
is  adjusted  so  as  to  obtain  a  gain  crossover  frequency  of  0.3  Hz. 
In  the  case  of  the  approach  and  landing  task,  the  gain  K  is 
adjusted  so  as  to  have  a  phase  lag  of  120  degrees  at  the  gain 
crossover  point.  Table  1  and  2  list  the  tracking  and  landing 
configurations  respectively  aiongwith  the  values  for  the 
variables,  pilot  comments  and  the  pilot  ratings  based  or  the 
Cooper-Harper  scale. 

3.  Time  Response  Analysis 

-’everal  new  metrics  are  needed  to  characterize  the  roll 
handling  qualities.  Gibson's  metrics  like  dropbaek  0db,  the 

effective  time  delay  0d(/qss  and  q„,,u/qss  1 6 1 .  1 7],  1 8 ]  are  no 
longer  directly  applicable  due  to  the  basic  difference  between 
pitch  and  roll  responses  and  the  inclusion  of  control  sy.nem 
command  gain. 

The  basic  roll  response  to  step  input  is  of  a  first  order 
type  and  hence  consists  of  overshoot  only  (m  the  con  ext  of  Fig. 
1).  The  traditional  definition  of  dropbaek  coufils  now  be 
replaced  by  'normalized  bank  angle  overshoot'  0n  ,  and  is 
given  by 

♦ms  =  <  ♦ss  *5  Wss  \  <4) 

where  fss  is  the  steady  state  bank  angle,  and  $5  is  the  bank  angle 
at  time  t  -  5  sec  (time  of  block  input  release).  However  it  is 
seen  that  direct  use  of  Hq.  (4)  for  the  normalized  overshoot, 

though  similar  in  nature  to  dropbaek,  is  not  helpful  since  $  is 
independent  of  roll  control  sensitivity  and  by  its  direct  relation  to 
pilot  comments  i.o  correlation  is  observed 

The  metrics  that  are  introduced  in  this  work  are  the 
effective  time  delay  the.  roll  control  effectiveness  p  and 
the  acceleration  ratio  Ra.  'Hie  maximum  hank  angle  acceleration 
is  also  used  in  she  analysis  since  it  is  known  tha>  the  pilots 
respond  to  acceleration  cues  sensed  by  their  vc  itibiila-  sensory 
system. 


11k;  pure  time  delay  t(},  does  not  account  tor  the  effect  of 
higher  order  dynamics.  To  overcome  tiiis  difficulty,  an  effective 
time  delay,  is  defined  as  the  time  taken  by  die  system  to 
respond  to  a  change  in  forcing  function  and  it  is  the  sum  of  pure 
dine  delay  trt  and  delays  due  to  presence  of  other  higher  order 
terms.  This  parameter  represents  the  actual  response  delay  as 
seen  by  a  pilot  and  it  is  similar  to  tcff  defined  in  1 3],  the 
difference  being  only  in  the  way  it  is  measured. 

Roll  control  effectiveness  also  represented  by 

in  Eq.  (1),  is  used  to  compute  initial  roll  accelerant,;!.  This 
could  be  derived  by  applying  initial  value  theorem  to  the  roll 
acceleration  transfer  function,  hence  the  ienrts  roll  control 
effectiveness  and  initial  acceleration  are  used  interchangeably 
depending  on  the  context. 

As  it  will  be  shown,  a  good  correlation  exists  between 
t'^j,  pgj/Vf  and  pilot  ratings,  which  is  similar  to  the  longitudinal 

case  (9(#/qss,  timax/qis)  as  pointed  out  in  previous  work  by 
Rynaski  [15].  home  anomalies  exist,  but  these  were  found  to  be 
related  to  the  acceleration  ratio,  Ra,  defined  as  the  ratio  of 
maximum  acceleration,  (measured  from  the  block  step  response 
simulation  of  the  entire  system)  to  initial  acceleration  , 
(computed  from  the  roll  acceleration  transfer  function),  and 
gi  ven  by 

R,*(ViWdW  (5) 

.Tfrckio&lasls 

The  configurations  listed  in  Table  1  we.e  simulated  in 
teitns  of  bank  angle,  roll  rate  and  roll  acceleration  time 
responses.  Based  on  the  metrics  discussed  above,  the  results  of 
the  analysis  are  shown  in  Fig.  3. 

Fig.  3  relates  effective  time  delay  Tcff  to  initial 
acceleration  p,/ir  Clearly  initial  acceleration  is  a  function  of 
steady  state  roll  rate  pss  a:  d  roll  time  constant  v  On  the  other 
hand.T^f  is  mainly  a  function  of  pur:  time  delay  Xj.  Qualitative 
boundaries  at c  drawn  m  Fig.  3  shewing  lower  and  upper 
bounds  or,  p,.s,'tr  From  a  physical  standpoint,  a  sufficient 
threshold  value  is  required  for  the  initial  acceleration  in  order  fot 
the  response  to  be  sensed  by  the  pilot.  However,  too  large  a 
value  is  nci  acceptable.  Comments  like  cpiick  and  jerky 
responses  are  typified.  For  any  given  level  ot  fly  ing  qualities, 
die  i.reshold  value  for  the  initial  acceleration  remains  constant 
(for  level  1  L'pM  is  >  15  sec  2/lb),  thongo  the  upper  limit  is  seen 

to  decrease  with  increase  in  effective  time  delay  x^ 

Let  us  consider  a  few  typical  cases  an-.'  analy.ve  the  initial 
acceleration  parameter  pss/Tf  from  a  different  viewpoint. 
Configurations  A  E,  N,  R  ad  have  constant  ro'l  control 
sensitivity  but  decreasing  roll  Urne  constant  xr  Thus  the  toll 
control  sensitivity  pss/xr  increases  as  xr  decreases.  The  new 
MIL  SID  17^7  conditions  specify  a  lower  limit  for  tj  For  Xj  < 
0.3  sec.,  ratcheting  is  predicted  Thus  cases  A,  E  do  not  have 
ratcheting  as  xr  >  0  3  see  .  whereas  cases  N,  and  R  do  (x,  <  0.3 
sec.) 

Now  consider  cases  F,  J,  A2  which  have  tr  -  0  45  sec 
(4V  >  0.3  sec.),  but  different  roil  control  sensitivities.  In  this 
case  A'2  exhioits  ratcheting  deficiency  due  to  high  roil  control 
sensitivity.  Frame  the  previous  discussion  we  can  conclude  that 
configurations  with  t,  <  0.3  sec.  are  likely  to  show  rutheutc; 


while  when  zt  >  0.3  sec.  nuchcting  may  or  may  not  occur 
depending  on  roll  control  sensitivity.  The  frequency  analysis 
also  corroborates  the  statement.  From  Fig.  3,  for  zero  time 
delay,  we  obtain  boundary  level  limits  on  Lpuas 

level  1  ?  5  :  L’pM  <  60  xcif  <  0.07  sec 

(6) 

Level  2  7.5  <  L'Pas  <110  <  0. 1  sec 

The  effective  time  delay  affects  roll  handling 

qualities  in  a  fashion  similar  to  ^or  d*  pitch  axis.  Large 

time  delays  slow  down  the  response  forcing  an  induced 
oscillation  by  the  pilot  as  in  configurations  C  and  ML  Both  are 
commented  as  slow  responding  aircraft  and  exiuoit  definite  FIO 
in  precision  manoeuvers.  For  level  1  criteria  the  effective  time 
delay  x^f  is  limited  to  less  than  0.07  sec,  In  the  ca-e  of 
configurations  with  higher  roll  control  sensitivity  (coupled  by 
large  time  delays),  pilot  comments  about  oscillatory  motion 
bonier  between  me  PIO  and  ratcheting  regions. 

Sortie  anomalies  do  exist  and,  as  mentioned  earlier,  can 
be  evaluated  using  the  accclerstion  ratio  parameter  Ra. 
Agreement  with  the  boundaries  is  observed  if  a  given 
configuration  satisfies  the  inequality 

0.91  >Ra  >0.71  (7) 

Failure  to  satisfy  Eq.  (7)  yields  relatively  poor  pilot  ratings 
compared  to  neighboring  points. 

Configurations:  8  and  U  arc  typical  in  this  respect.  They 
both  have  level  3  handling  qualities  but  lie  very  close  to 
configurations  N  and  L  which  are  level  2.  B  and  U,  however, 
do  not  satisfy  the  specified  bounds  on  Ra,  whereas, 
configurations  N  and  L  do.  The  acceleration  ratio  thus  can  be 
used  as  a  test  foi  normai/ahno  -mal  response  as  described  by 
pilot  comments. 

L  audiujLXasls 

The  landing  task  usually  deserves  particular  attention 
because  it  can  never  be  avoided  and  may  present  pilot  induced 
oscillations  non  detectable  by  non  rerrninal  flight  tests  and 
ground  simulations.  The  results  of  the  analysis  are  summarized 
in  Fig.  4  and  should  tie  compared  to  Fig.  3.  Again  large  time 
delays  are  associated  with  sluggish  response  and,  possibly,  PIO 
as  shown  by  configurations  M  and  H. 

To)  high  values  o'  initial  acceleration  are  unacceptable 
arf  the  results  in  Fig.  4  are  consistent  with  the  limits  given  in 
the  present  military  specification  [3J.  On  the  other  hand,  lower 
values  of  roll  acceleration  are  acceptable  unless  the  time  delay  is 
too  large.  For  the  landing  task,  the  following  boundaries  can  be 
identified: 

Level  1  10  <  L‘Fm  <  42  sec  2  /lb  <  0. 1 1  sec 

(8) 

level  2  L’puj  <  10,  47  <  L'Pa  sec'2/lbteW<  0.15  sec 

The  presence  of  ratcheting  appears  to  be  function  of  roil 
control  effectiveness.  Unlike  the  tracking  analysis,  nowever, 
not  enough  data  was  available  to  fully  support  the  conclusion. 

Separate  comments  must  be  made  for  configuration  G. 
1  here  seems  to  be:  a  discrepancy  between  its  location  well  within 
level  1  boundaries  and  tire  pilot  comments  indicating  the 
presence  of  ratcheting  and  a  level  2  rating.  In  tins  case,  the 
acceleration  ratio  Ra  can  be  used  effectively  to  identify  the 
anomaly.  It  can  be  computed  that  normal  response  (absence  or 
oscillations  and  instabilities)  requires  the  acceleration  ratio  to  be 
0.76  <  Rfc  <  0.94.  Svower  values  we  indicative  of  ratcheting, 
while  values  of  Ra  near  unity  imply  the  presence  of  PIO.  Since 
configuration  G  has 
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R„  ~  0.75,  the  ratcheting  instability  can  he  accounted  for  in  Fig 

4.  In  conclusion,  level  1  and  2  boundaries  can  again  be 
identified,  keeping  in  mind  the  constraints  on  Ra. 

In  summary,  the  metrics  used  in  the  context  of  roll 
perrormance  using  Gibson's  method  are  given  in  Table  3. 

4.  Frequency  Response  Analysis 

The  frequency  analysis  does  not  deviate  much  from  that 
of  the  pitch  axis,  except  that  it  includes  the  noil  acceleration 
frequency  response  to  identify  ratcheting  phenomena  which  are 
unique  to  the  roll  axis.  Compensatory  tasks,  like  precision 
tracking  and  approach  and  landing  tasks,  consist  of  an  open  loop 
closure  via  the  pilot  in  the  feedback  loop.  During  the  task 
execution  it  is  essential  that  the  aircraft  have  good  predictability 
and  a  smooth  response.  Such  good  behavior  is  observed  to  be 
related  to  an  open  loop  frequency  response  around  the  crossover 
region.  The  crossover  point,  defined  as  the  point  where  the 
frequency  ratio  has  unit  gain  (0  db),  plays  an  important  role  in 
tiic  analysis  of  such  tasks.  Gibson's  frequency  domain  analysis 
is  applied  to  the  open  loop  frequency  response  of  roll  attitude 
around  die  crossover  region  and  relatts  it  to  the  pilot  comments. 
Deviation  from  good  behavior  leads  to  additional  dosed  loop 
control  activity  and  possibly  to  dynamic  instabilities. 

TV  two  types  of  dynamic  instabilities  exhibited  by  the. 
toll  axis  are  PIO  and  ratcheting.  PIO  is  a  low  frequency 
instability  and  is  related  to  pilot's  control  activity  around  the 
phase  crossover  region,  where  the  deficiency  is  caused  by  the 
pilot's  stick  input  being  out  of  phase  with  the  aircraft  response. 
The  attitude  frequency  response  shows  that  th;s  is  possible  with 
a  rapid  increase  in  phase  lag  accompanied  by  a  very  little  gain 
attenuation  around  the  phase  crossover  point.  Quantitatively,  the 
phase  rale  parameter  P,.  [8],  [9]  gives  excellent  correlation  with 

PIO  in  ihe  pitch  axis  as  well  as  in  roll.  The  phase  rate  is 
evaluated  using  Eq.  (9). 

Pr  =  20/(0*200  -  <W  ‘teg/Hz  (O) 

The  other  instabilily,  unique  to  the  roll  axis,  is 
ratcheting.  Historically,  roll  ratcheting  was  identified  by  pilots 
as  a  high  frequency  PIO.  Recent  findings  indicate  that  roil 
ratcheting  is  excited  by  the  pilot’s  neuromuscular  activity  [4J.  It 
has  been  shown  [4]  that  the  natural  frequency  of  the 
neuromuscular  system  lies  in  the  frequency  band  from  12  to  18 
rad/sec.  Ratcheting  affects  the  ride  qualities  but  does  not  usually 
endanger  the  pilot  /  aircraft  system  and  it  can  be  improveo  by 
altering  the  aircraft  stick  feel  system  [8). 

lLaOUDg_TM 

Frequency  response  for  roll  attitude  and  roll  acceleration 
are  analyzed  for  all  the  tracking  configurations.  Deficiencies  like 
PIO,  quick  and  jerky  responses  are  identified  by  using  Nichols 
charts  of  roll  attitude.  The  toll  attitude  frequency  responses  arc 
compared  for  all  the  configurations,  with  gain  equalization  so  as 
to  have  a  gain  crossover  frequency  of  0.3  Hz  (0.3  Hz  is 
identified  with  the  pilot's  control  activity).  The  same  gain 
adjustment  ;s  also  u sed  to  obtain  the  roll  acceleration  frequency 
responses,  necessary  to  identify  ratcheting.  From  the  analysis 
of  roll  acceleration  fiequency  response  arid  stability  margins,  it 
is  found  that  the  presence  of  ratcheting  occurs  if  the  roll 
acceleration  crossover  frequency  lies  within  the  limits 

i  2  rad/sec  <  oi,  80  <  1 8  rad/sec.  ( 1 0) 

corresponding  to  typical  pilot's  neuromuscular  bandwidth. 
These  boundaries  can  extend  to  10  rad/sec  oil  the  lower  side  and 
to  20  rad/sec  on  higher  side  if  other  deficiencies  like  PIO,  jerky, 
oscillatory  response  are  present. 

Ihc  present  roll  criteria  [3]  associate  ratcheting  to  a  low 
roli  time  constant  ( zr  <  0.3  see.),  however  they  fail  to  single  out 
configurations  such  as  Q  and  A5.  Ratcheting  is  not  limited  to 
low  x,  values,  for  example  configuration  A3  (<u,  R0  =  20  rad/sec) 
has  ratcheting  although  it  has  =  0  45  sec.  Use  of  Eq.  (10) 


appears  therefore  more  accurate  in  describing  occurrence  of 
ratcheting. 

Fig.  5  shows  the  roll  attitude  frequency  response 
boundaries.  The  various  regions  are  labeled  showing  the  nature 
of  the  aircraft  response.  There  are  three  primary  regions  :  (1) 
sluggish,  PIO  prone  region;  (2)  optimal  tracking  region;  and  (3) 
quick,  oscillatory  ratcheting  prone  region.  The  central  band, 
which  marks  a  region  of  good  and  optimal  response,  shows  a 
good  phase- gain  relationship. 

If  the  attitude  plot  is  to  the  left  or  right  of  the  central  band 
the  response  of  the  aircraft  becomes  less  or  more  sensitive, 
respectively.  To  the  left  of  the  good  response  band  lies  the 
sluggish,  PIO  prone  zone.  Time  delay  and  higher  order  terms 
cause  the  frequency  lines  to  shift  to  the  left  of  the  central  band. 
Time  delay  causes  a  quicker  phase  lag  increase,  with  smaller 
gain  attenuation  causing  sluggish  response.  The  PIO,  sluggish 
response  boundary  shows  good  correlation  with  most  of  the  PIO 
cases,  provided  the  attitude  response  be  greater  than  -10  dB. 
Frequency  response  less  than  -10  dB  docs  not  effect  the  pilot 
comments. 

In  Fig.  6,  three  cases  are  selected  as  an  example. 
Configuration  i  shows  a  well-behaved  response.  Configuration 
M  dearly  indicates  the  presence  of  PIO  and  configuration  A5  is 
consistent  with  pilot  comments  reporting  a  quick,  jerky  response 
and  ratcheting, 

The  above  examples  are  typical  of  what  can  be  expected 
in  general,  with  frequency  response  boundaries  showing  the 
general  trends  in  phase  lag  and  magnitude  attenuation. 
Frequency  boundaries  plots,  however,  do  not  include  the  effects 
of  control  sensitivity  nor  xr  and  xd  directly.  The  effects  of 
variation  in  roll  time  constant  and  time  delay  on  dynamic 
instabilities  is  shown  in  Fig.  7  by  plotting  phase  rate  versus 

puase  lag  crossover  frequency.  The  phase  rate  piot  shows  x, 
and  tjj  isoclines,  constant  tr  are  represented  by  vertical  curves 
moving  to  the  left  as  xr  increases,  whereas  xd  are  the  horizontal 
t  urves  which  shift  upwards  as  xd  increases. 

From  the  Figure  it  can  be  seen  how  t,  affects  ratcheting 
(note  the  MIL-STD  level  1  boundary  at  0.3  seconds).  The  time 
xtr  on  Ihc  other  hand,  affects  phase  rate  which  in  turn  is 
indicative  of  PIO.  Since  phase  rate  increases  with  x^  large 
delays  cause  PIO  and  the  horizontal  boundary  drawn  for  Pr  =  75 
dcg/Hz  separates  PIO  from  non-PIO  regions. 

In  the  above  discussion  roll  control  sensitivity  was  not 
considered  because  pilot-in-the-loop  equalization  acts  as  a 
normalizing  variable  gain.  To  account  for  sensitivity  effects,  a 
thumbprint  plot  is  drawn  in  Fig.  8.  The  ordinate  of  the 
thumbprint  is  the  gain  equalization  required  to  attain  a  0.3  Hz 
crossover,  while  the  abscissa  represents  the  corresponding 
phase  lag  value  for  the  adjusted  attitude  gain  crossover  point. 
The  figure  shows  configurations  to  be  separated  in  three  bands. 
These  bands  are  the  gain  sensitivities  of  the  configurations  used 
in  the  analysis.  The  central  zone  identifies  the  level  1 . 


The  landing  frequency  analysis  is  carried  out  in  a  fashion 
simitar  to  the  Gibson's  frequency  analysis  done  for  the 
longitudinal  landing  case  (6},  [7],  The  frequency  response  for 
the  longitudinal  landing  task  looks  at  the  open  loop  response  of 
the  pitch  attitude  and  the  attitude  gain  is  adjusted  so  as  to  have  a 
unity  gain  with  a  phase  lag  value  of  120  degree.  Similarly,  the 
bank  angle  frequency  response  with  the  loop  gain  adjusted  so  as 
to  have  a  unity  gam  at  a  12b  degree  phase  lag  value  is  considered 
in  the  present  analysis.  Using  pilot  comments  in  [5]  we  obtain 
the  frequency  response  boundaries  for  the  task  as  shown  in  Fig 


The  various  regions  labeled  on  Fig.  9  correspond  to 
different  aircraft  responses.  Four  main  zones  air  identified  :  (l) 
optimal  approach  and  landing  region,  (2)  conditionally  good 
region  (3)  sluggish,  PIO  prone  region  and  (4)  quick, 
oscillatory  and  ratcheting  prone  region 


The  region  marked  ( i )  shows  a  zone  of  good  and 
optima!  behavior,  configurations  B,  i,  J  for  example  all  satisfy 
these  boundaries.  Pilot  induced  oscillations  are  excited  when  the 
crossover  frequency  <i)|8(!  is  low  (typically  u)|gQ  <  0.5  Hz)  and 
the  phase  lag  increases  rapidly  with  little  or  no  gain  attenuation. 
Regions  (2)  and  (3)  are  representative  of  PIO  and  sluggish 
response,  mainly  due  to  the  effect  of  large  time  delays.  This 
region  is  divided  into  a  sluggish  PIO  prone  section  (3)  and  a 
conditionally  good  response  section  (2).  The  condition  for  the 

response  to  be  good  is  that  (OigQ  be  greater  than  0.5  Hz.  For 
example  configuration  C  lies  in  this  region  and  has  co18C)  >0.5 
Hz  and  it  is  commented  to  have  good  flying  qualities,  whereas 
configuration  L  has  oqgQ  <  0.5  Hz.  and  exhibits  PIO 
Configurations  lying  in  region  (3)  have  sluggish  or  delayed 
response.  Pilot  induced  oscillations  are  also  seen  to  accompany 

these  responses  provided  the  condition  of  (Ojqq  <  0.5  Hz  is 
satisfied. 

Region  (4)  includes  configurations  exhibiting  sharp, 
quick,  oscillatory  responses  as  weU  as  ratcheting.  To  be  noted 
that  the  presence  of  the  ratcheting  instability  requires  a  crossover 
frequency  co180  be  tween  12  an  18  rad/sec  and  a  magnitude 

greater  than  zero  dH  in  die  roll  acceleration  frequency  response, 
a  condition  similar  to  what  was  found  for  the  roll  tracking  task. 
[2], 

Similar  to  Fig.  8,  the  effects  of  roll  time  constant  and 
time  delay  variations  on  landing  dynamic  instabilities  are 
summarized  in  Fig.  10.  Here,  the  phase  rate  limit  between  PIO 
and  non-PJO  regions  is  found  to  be  Pr  -  90  deg/Hz.  A 
thumbprint  plot  for  landing,  accounting  for  roll  control 
sensitivity  effects  is  shown  in  Fig.  11.  The  ordinate  of  the 
thumbprint  is  the  gain  equalization  requited  to  attain  a  phase  lag 
crossover  of  120  degree,  while  the  abscissa  represents  the 
corresponding  frequency  at  the  crossover  point.  The 
configurations  are  separated  into  two  bands  depending  on  the 
gain  sensitivities  used  in  the  analysis  and  the  central  zone 
indicates  a  possible  level  1  region. 

The  frequency  response  analysis  results  are  summarized 
in  Table  4  which  shows  ranges  of  the  metrics  leading  to  dynamic 
instabilities  such  as  pilot  induced  oscillations  and  ratcheting. 


Conclusions 

An  analysis  of  roll  performance  handling  qualifies  was 
carried  out  using  the  Gibson's  method  and  applied  to  the 
LATKOS  (Lateral  Higher  Order  Systems)  data-base.  The 
method,  consisting  of  a  combination  of  time  domain  and 
frequency  domain  techniques  has  proved  to  give  results 
consistent  with  the  experimental  data.  New  lime  response 
metrics  were  introduced  to  account  for  control  sensitivity,  roll 
time  constant  and  time  delay  effects.  Configurations  relative  to 
both  tracking  and  landing  tasks  were  considered  and  level 
boundaries  were  obtained  as  well  as  indication  of  regions  subject 
to  PIO  and  other  dynamic  instabilities.  The  Gibson's  method 
appears  to  have  a  general  applicability  in  both  the  pitch  and  noil 
axes  and  it  is  an  attractive  alternative  to  the  modal  requirements 
of  present  handling  qualities  specifications  and  to  designing  for 
good  aircraft  performance. 
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SUFFIX 

L  =  Large  input 
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S  =  Small  input 
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Table  3  Time  Response  Metrics 


Metric 

Description 

Tracking 

l-anding 

xcff 

Fffeclive  time  delay 

Figure  3 

Figure  4 

^  Fas 

Initial  roll  acceleration  pss/r,. 

Figure  3 

Figure  4 

Roll  acceleration  ratio 

0.91  >  Ra  >  0.7 1 

0.94  >  Ra  >  0.76 

Tabic  4  Values  of  Metrics  for  Dynamic  Instabilities 
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Tracking 

Landing 

PIO  0)i80  <  0.75  Hz  and  Fr  3:  60  deg/Hz  w,gu  <  0.75  Hz  and  Pr  2  60  deg/Hz 

or  <  0.3  sec 

Ratcheting  coJ80  =  (10-20)  rad/sec  Cn),8Q  =  (12-18)rad/sec 

roll  accel.  > -10  dB  roll  accel.  >  0  dB 


Figure  1.  Longitudinai  Dropbsck  Time  Responses  (taken  from  [7]) 
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Figure  2.  Lateral -Directional  Block  Diagram  (taken  from  (3)) 


Figure  6.  Frequeiicy  Response,  Sample  Configurations,  Tracking 
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Figure  7.  Phase  Rate  Diagram,  Tracking  Task 


PHASE  LAG  (DEG) 


Figure  8.  Level  1  Boundary  with  Control  Sensitivity,  Tracking 


T  tgure  9.  Frequency  Response  Boundaries,  Landing  Task 
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Figure  10.  Phase  Rate  Diagram,  Landing  Task 
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Figure  1 1.  Level  1  Boundary  with  Control  Sensitivity,  T  racking 
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SUMMARY 

This  paper  describes  the  work  of  GARTEUR  Flight 
Mechanics  Action  Group  01  on  Handling  Qualities 
and  summarises  the  contents  of  its  final 
reports.  First,  the  objectives  (which  concen¬ 
trated  on  longitudinal  control)  are  outlined. 
Secondly,  the  flight  control  systems  designed 
and  used,  and  the  simulator  trial,  are 
described.  Thirdly,  the  results  are  reviewed. 
Fourthly,  existing  handling  qualities  criteria, 
and  the  Action  Group's  tentative  proposals  for 
handling  qualities  measures  which  can  be 
applied  to  fllghtpath  control  and  system 
changeover,  are  assessed.  Finally,  the  Group's 
guidelines  and  recommendations  for  further  work 
are  reviewed. 


1  INTRODUCTION 

Trie  Group  for  Aeronautical  Research  and 
Technology  in  EURope  (GARTEUR)  was  set  up  ’n 
1981  by  France,  the  Federal  Republic  of 
Germany,  the  Netherlands  and  the  United 
kingdom.  It  aims  at  stimulating  and  coordi¬ 
nating  cooperation  between  research  institutes 
and  Industry  In  the  areas  of  aerodynamics, 
flight,  mechanics,  helicopters,  structures  and 
materials  and  propulsion  technology.  The 
GARTEUR  management  has  approved  the  publication 
of  this  paper  which  describes  the  work  of 
GARTEUR  FI  igrit  Mechanics  Action  Group  01  on 
Handling  Qualities,  (which  was  set  up  In  1982 
and  has  recently  completed  Its  work),  and  sum¬ 
marises  the  Action  Group's  final  reports.  This 
work  Involved  collaboration  between  the  ONERA, 
DLR,  NLR  and  RAE  research  Institutes  of  the 
four  GARTEUR  member  countries,  with  advice  from 
i ndustry. 

2  OBJECTIVES 

The  Action  Group  first  Investigated,  through  a 
questionnaire  to  the  aerospace  Industry  of  the 
four  European  countries  involved,  the  antici¬ 
pated  manual  control  tasks  and  control  concepts 
for  future  transport  aircraft  with  advanced 
flight  control  and  display  systems.  Following 
Industry's  'espouse  and  a  review  of  existing 
longitudinal  handling  qualities  criteria,  a 
comprehensive  stud_  on  the  NLR  moving-base 
piloted  flight  slmu  ator  was  aoproved,  with  the 
aim  of  establishing  longitudinal  handling  qual¬ 
ities  guidelines  for  future  transport,  aircraft 
with  advanced  systems. 
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Some  concern  had  been  expressed  by  Industry 
that  the  results  aimed  at  by  the  Action  Group 
could  possibly  develop  into  additional 
requirements  to  be  applied  by  the  certifying 
authorities.  However,  the  Action  Group  was 
convinced  that  the  application  of  ACT  brings 
with  It  such  wide  possibilities  that  usefuT, 
generally  applicable,  handling  qualities  guide¬ 
lines  will  be  necessary  for  the  design  of  ACT 
transport  aircraft,  and  could  be  generated  as  a 
result  of  the  proposed  flight  simulator 
experiment. 

Three  distinct  aspects  were  Investigated,  in 
the  terminal  flight  phases: 

a.  The  validity  of  various  existing  and  pro¬ 
posed  handling  quality  criteria,  based  on 
pitch  rate  control,  for  the  design  of  a 
sophisticated  (longitudinal)  contr  l  sys¬ 
tem  which  Instead  applies  fllghtpath  as 
the  primary  controlled  parameter. 

b.  The  value  of  these  handling  quality  cri¬ 
teria  for  the  design  of  a  satisfactory 
backup  system  based  on  pitch  rate  control, 
to  which  control  reverts  in  case  of 
Improper  functioning  of  the  sophisticated 
primary  system,  eg  due  to  the  occurrence 
of  a  massive  sensor  failure. 

c.  In  particular  the  Implications  of  the 
change  In  handling  qualities  when  revert¬ 
ing  from  a  sophisticated  primary  manual 
Flight  Control  System  (FCS)  to  a  simpler 
oackup  longitudinal  system  having  differ¬ 
ent,  but  st.111  good,  characteristics. 
(Industry  had  commented  that  the  handling 
qualities  of  a  future  backup  Fly-By-Wire 

( FBW)  system  would  be  as  good  as  those  of 
current  aircraft). 

3  FLIGHT  CONTROL  SYSTEMS  AND  ASSOC  I AT FD 
DISPLAYS 

Preparatory  investigations  were  first  performed 
in  the  simple  fixed-base  simulation  setup  of 
the  ONERA  Flight  Mechanics  Laboratory  The 
purpose  of  these  investigations  was  to  design 
and  validate  a  harmonized  primary  flight  con 
trol  and  display  system  for  the  ! ater'compre 
henslve  Investigation  at.  NLR,  by  undertaking  a 
limited  pilot  assessment .  At  the  end  of  this 
preparatory  work  two  primary  and  one  backup 
longlUdlnal  flight  control  systems  were  flown 
by  evaluation  pilots  at  ONERA  In  early  1987. 
Apart  from  pilot  comments  on  the  obvious  limi 
tatlons  of  the  ONERA  experiment,  It.  was  con 
eluded  that  the  objectives  had  been  met,  and 


thaV  a  sound  basis  had  b««i  ast-ib'JIshed  for  tin* 
study  at  NLR.  The  conditions  and  recommen¬ 
dations  Iron  this  study  formed  the  background 
for  the  somprelwinslve  simulator  experiment  at 
hi  ft. 

Following  the  preparatory  tnvaatlg&tlons  at 
ONEftA ,  Typical  Heavy  Electrical  Transport 
Alrcrrft  (THETA-4)  basad  on  an  existing  NLR 
aircraft  (sod*)  wm  raprwsemted  on  the  KIR  simu¬ 
lator.  This  m-,  I  was  cStsr I v«ad  frrw  a 
Boeing  747  mode';  with  wool  fl  cat  Ions  so 
that  toe  aircraft  behaved  almost  Ilk®  th* 
aircraft  model  (THOA-3)  used  In  the  investi¬ 
gation  at  OWERA„  that  sseans  havlno  the  sasw 
approach  speed  sod  «  slightly  unstable  natural 
longitudinal  betoylour.  It  was  also  equipped 
with  an  all  flying  tall  and  s  fly-foy-wlr*  PCS. 

four  longitudinal  flight  control  systems  wer® 
designed  for  this  study. 

Two  ware  sophisticated  primary  systems  with 
fllghtpath  rate  command,  and  two  ware  satisfac¬ 
tory  backup  systems. 

The  first  primary  system,  A,  had  a  fllghtoath 
angle  hold  term  which  heid  the  actual  angle 
existing  at  the  Instant  of  sticFriTias*. 

Stick  l.iputs  could  therefore  produce  undeslrsd 
stop  redatumlng  of  the  commanded  fllghtpath 
angle,  because  of  discontinuities  In  the 
fllghtpath  angle  feedback  loop.  A  ganma-trlm 
switch  was  therefore  Included  to  permit  the 
pl'ot  to  ptoducs  >mai;  filg^tpatfs  angle  changes 
without  discontinuous  effects. 

! he  second  pr  1mr,rv  syste*,  8,  had  the  same 
Mightpath  angle  farm  as  systws  A,  but  It  held 
the  angle  bei  commanded  at  the  Instant  of 
stick  release".'  T n "TTiT s  system,  stick  inout.s 
went  through  a  forward  fllghtpath  Integrator  In 
combination  w’th  a  continuous  gamma -feedback 
loop.  The  system  had  a  somewhat  more  complex 
layout  than  system  A,  but  It  did  not  produce 
discontinuities  so  did  not  require  a  gamsna-trlm 
fsci'lty 

*  ig  1  shows  typical  responses  of  commanded  and 
actual  fllghtpath  angle  for  systems  A  and  8. 

Fig  7  Illustrates  step  redatusilnq  of  system  A. 

As  noted,  the  two  alternative  primary  longi¬ 
tudinal  flight  control  systems  provided  flight, 
path  rate  command  with  fllghtpath  angle  hold. 

9c! n  smoothly  changed  to  a  pitch  rate  mod®  for 
f1a<e  and  landing.  Alt  these  primary  systems 
provided  bank  compensation  and  art  autothrottle. 
On  ’allure  a  step  change  to  one  of  two  possible 
p!  Uh  '••ate  backup  systems  (C  or  0)  occurred. 

’he  backup  systems  had  nc  k  compensation  or 
aui.-thrort’c.  A  single  lat .  t!  system,  provid¬ 
ing  roll  rate  command  with  bank  angle  hold,  was 
used  throughout  ant  did  not  change  on  failure 

i he  fundament® 1  differences  between  the 
•Spouse  of  the  fllghtpath  mode  of  primary  sys 
ems  a  and  8.  and  the  backup  systems  C  and  0 
«r,J  the  f  1 4' •  mode  of  A  and  B.  to  a  block  pi  lot 
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c.  The  responses  of  tin  fllghtpath  mode  of  A 
to  the  onset  and  removal  of  the  Input  are 
different,  reflecting  Its  switched  flight- 
path  told  term,  while  H,  C,  l>  and  the 
flare  mode  of  A  and  B  are  symr  fcrlcal 
because  all  their  terras  are  continuous. 

Head- down  Instrumentation  consisted  of 
axpariawnta!  Electronic  Flight  Instrument 
System  (EFIS)  which  Included  two  display  units 
positioned  In  a  vertical  array  In  front  of  the 
pilot.  The  top.  Primary  Flight  Display,  pro¬ 
vided  primary  flight  Information  Including 
fllghtpath  vector.  The  bottom,  Navigation 
Display,  provided  what  was  basically  an  elec¬ 
tronic  equivalent  a  Horizontal  Situation 
Indicator. 

No  pt..offipt  was  isada  to  design  a  full  uead-up 
display  (HUD).  The  restricted  HUD  format 
(Fig  5)  used  In  the  NLR  simulator  Included  com¬ 
manded  and  actual  fllghtpath,  -3  deg  fllghtpath 
target  and  synthetic  runway,  but  did  not  pro¬ 
vide  airspeed  or  altitude. 

Changes  to  the  HUD  format  (accompanied  by  an 
audio  signal)  provided  a  flare  warning  as  the 
aircraft' descended  through  30.5  m  (100  ft). 

It  was  assumed  that  the  massive  sensor  failure 
which  caused  reversion  to  the  backup  control 
system  would  also  affect  the  displays,  so  the 
MUD  and  head-down  fllghtpath  symbols  were 
removed  when  a  control  system  failure  occurred. 

4  SIMULATOR  TRIAL 

Tha  NLR  moving-base  flight  simulator  was  fitted 
with  a  transport  aircraft,  cockpit  flown  using  a 
sldestlck  controller. 

The  piloting  task  consisted  of  flying  selected 
parts  of  'circuits’  including  take-off,  c 'limb¬ 
ing  left  turn  to  Inverse  runway  heading,  level¬ 
ling  off  at  609.5  m  (2000  ft),  manoeuvring  the 
aircraft,  onto  the  localize/',  performing  ah  115 
approach,  tiara  and  landing. 

Failure  of  tbs  primary  PCS  ralgnt  occur  some¬ 
where  In  the  circuit.  Failure  was  announced  by 
an  audio  signal  which  the  pilot  had  to  cancel. 
He  was  required  to  continue  and  land  with  the 
backup  system. 

Daylight  visual  conditions  were  provided,  with 
a  cloud  base  at  152.4  m  (500  fi). 

Disturbances  ‘ntiuded  both  wind  profile  and 
turbulence.  ‘  ne  wind  profiles  defined  the  mean 
wind  strength  and  direction  as  a  function  of 
altitude,  and  the  turbulence  defined  the  random 
deviation  around  tha  mean  values. 

Hind  profile  could  be  differ  ant  for  each 
c i  •  cu <  t . 

in  tne  experiments,  two  levels  .if  environmental 
disturbance  were  used: 

I  ‘low’  level  of  disturbance. 

I  'high'  *eve!  of  disturbance. 

Some  f&»i  1  larizalion  runs  were  mode  wltr*  ,o 
dl  s  turbines . 

four  ,'j} f f scent  wiui  prof  1  les  were  used  fur  6-n.ii 
level  af  disturbance 


The  xjrhul rsnce  was  structured  according  to  a 
inode!  ’‘ascribed  In  Set'  i  which  Is  able  to  geri- 
aratfc  time  hi  stories  having  the  property  of 
' lateral ttrrncy ' „  ropresentat  va  of  a  non- 
gausslan  distribution  of  velocity  differences, 
in  real  atmospheric  turbulence. 


Each  of  the  four  participating  test  pilots 
evaluated  the  four  possible  control  system 


evaluated  the  four  possible  control  system 
changeovers  arid  the  corresponding  faliure- 
Induced  change  In  characteristics,,  based  on 
flying  about  50  (psrtial)  circuits  In  the  simu¬ 
lator.  The  resilts  obtained  consisted  of: 


Coop'  -Harper  ratings  given  by  the  pilots 
for  the  behaviour  of  the  primary  and 


for  the  behaviour  of  the  primary  and 
backup  flight  control  systems  separately, 


b.  Extensive  commentary  given  by  the  pilots 
during  the  execution  of  the  runs,  and 
during  tha  debriefing  In  response  to  a 
questionnaire. 


Recorded  performance  measures,  consisting 
of  valuer,  of  selected  parameters  at  the 
moment  of  failure,  threshold  and  touchdown 
and  of  tne.vn  values,  standard  deviations 
and  level  crossings  of  selected  parameters 
for  certain  segments  of  the  circuit. 


SIMULATOR  RESULTS 


Preliminary  results  Here  presented  at  the  AIAA 
Atmospheric  Flight  Mechanics  Conference  at 
Minneapolis,  USA,  In  August  1988  (Ref  2).  The 
full  results  have  been  published  in  the  Action 
Group's  final  report  Gftp7b'UR/TP-055  (Ref  3). 


Primary  systems : 


System  A  fl‘ ghtpaf.fi  woda  received  an  equal 
number  of  Level  l  and  Level  2  handling 
qualities  ratio, s„  whereas  system  3  wes 
said  by  ail  pilots  to  provide  level  1 
hard  ling  qualities  and  to  be  a  near- 
optimal  FCS  for  the  Aircraft  under  con¬ 
sideration.  Svsf-  'A  fMghtpath  mode  was 
rated  less  satis- .-tory  than  system  8 
mainly  because  of  th-a  disliked  Jumping  of 
the  fllghtpath  command  and  Its  symbol  on 
the  HUD . 


Perforaanca  laval  crossings  Indicate  that 
either  the  automatic  airspeed  control  was 
not  tight  enough  or  the  performance  limits 
(on  the  Approach  ±2  kn  dess  red,  *5  kn 
adequate)  war a  too  stringent. 


T ho  pitch  rate  command  mode  of  A  and  B 
used  below  TOO  ft  wheel  height  permitted 
the  pilots  to  make  landings  which  were 
good  for  a  simulator. 


Changeover  In  hand!  mo  qualities: 


!h«  less  of  system  sophistication  at  FCS 
failure  sometimes  made  It  necessary  for 
the  pilot,  to  react.  immediately  to  sustain 
the  flight  condition  at  which  the  failure 
occurred,  th':  was  considered 
objectionable. 


file  loss  of  informal  ion  free  the  HUD  at 
f  05  fill  lin  e  made  the  remaining  HUD  incom¬ 
plete  for  nti  I  control  of  the  aircraft, 
which  made  Its  use  doubtful . 


The  handling  qualities  changeover  from 
fllghtpath  to  pitch  rata  command,  for  the 
primary  systems  at  100  ft.  wheel  height, 
did  nor.  provoke  any  pilot  comment. 


Backup  sy stans : 


Although  the  performance  measures  soma 
times  Indicate  slight  differences  between 


times  Indicate  slight  differences  do tween 
the  two  backup  systems,  the  pilots  mostly 
could  not  distinguish  between  them. 


In  contrast  to  the  primary  systems,  the 
pilot  ratings  for  the  backup  systems  wer 


pilot  ratings  for  the  backup  systems  were 
dependent  on  the  level  of  atmospheric  dis¬ 
turbances;  most  of  the  ratings  Indicated 
Level  1  handling  qualities  In  Mow’,  and 
Level  2  handling  qualities  In  ’high'  leva! 
disturbances,  1e  their  overall  rating  was 
Level  2. 


The  reason  for  the  Level  2  handling  qual¬ 
ities  rating  was  not  the  dynamics  of  the 
backup  systems  themselves,  but  marely  the 
change  In  augmentation  features  at  FCS 
failure. 


Although  the  pilots  mentioned  difficulties 
In  performing  precise  flare  and  landing 
with  the  backup  system-,  the  performance 
measures  did  not  Indicate  a  degradation  In 
touchdown  performance  In  comparison  with 
the  primary  systems. 


Displays : 


The  way  of  displaying  the  necessary  Infor¬ 
mation  to  the  pilots  certainly  Influenced 
their  ratings  for  the  handling  qualities 
of  the  aircraft. 


Although  no  attempt  was  made  to  design  a 
complete  HUD,  the  value  of  a  HUD  In  a 
transport  aircraft  was  confirmed  by  all 
pilots. 


Sldostick: 


When  the  FCS  provided  hold  terms,  pilots 
tended  to  steer  In  separate  axes  in  a 
pulse-1 ike  manner,  which  provoked  the 
possibility  of  accidental  cross-coupling 
and  making  unintended  Inputs. 


Cross-coupling,  due  to  a  poor  harmoniz¬ 
ation  between  the  pitch  and  the  roll 
channels,  also  influenced  the  handling 
qualiries  ratings  In  the  present  study. 


ASSESSMENT  OF  EXISTING  CRITERIA 


General 


The  flight  control  sy  terns  were  assessed 
against  the  predictions  of  selected  existing 
handling  quail  tins  criteria  (labia  1),  although 
the  available  criteria  do  not  give  consider 
atlon  to  the  filghtpath  rate  command  laws  used 
in  this  Investigation,  or  to  thsr  changeover 
effects.  The  criteria  also  do  no*  consider 
autotriroHles,  or  terms  such  as  bank  compen¬ 
sation.  It  has  to  be  remember ed  also  that  the 
control  strategy  of  introducing  pulse  type 
stick  Inputs,  applied  mostly  by  the  pi  lots  wif It 
the  primary  FCS  because  of  its  'hold'  terms.  Is 
-.iff..:;.;:',  from  the  continuous  tight  control 
t»:!o underlying  most  of  criteria. 


I".  -I 


As  noted,  the  pi  Jots'  ratings  of  the  handling 
qualities  of  the  control  systems  Mere  Influ¬ 
enced  by  the  HUD  format.  Up  to  now  the  kind  o> 
display  has  not  boon  taken  Into  account  by  any 
cr'terlon,  leading  to  some  iincnrtalotles  when 
comparing  thu  ratings  obtained  with  the  predic¬ 
tions  provided  by  applying  these  criteria. 

Primary  flight  control  systems : 

System  A  flightpath  motto 

The  pilots  ratt  1  system  A  In  the  bevel  1  to  2 
handling  qualities  region,.  However,  when  the 
pilot  ratings  indicated  Level  the  reason 
ivsn  for  the  degradation  was  the  rodatuwiny  cf 
he  flightpath  cocfcoard  and  Its  symbol  on  the 
HUD,  a  factor  which  Is  not  considered  by  any 
criterion.  This  Implies  that  those  handling 
qualities  criteria,  based  on  pitch  attl tudo  and 
pitch  rate  responses,  which  predicted  l.vwi-1  7 
are  clearly  not  applicable  to  aircraft  with 
flightpath  rate  command/fl ightpath  angle  hold 
con  rol  laws.  While  most  criteria  under  con- 
si  m-  stlon  predict  Level  1,  the  Bandwidth 
Criterion  and  the  Equivalent  rims-.  Delay 
requirement  of  the  Transfer  Function  Criterion 
both  prodlct  level  2.  The  pilot  ratings,  which 
Indicate  that  tha  Equivalent  Time  Delay  of  this 
control  system  Is  In  fact  acceptable  for  a 
transport  aircraft,  are  consistent  with  results 
from  other  investigations  In  the  US  arid  Europe 
that  for  transport  aircraft  this  boundary 
should  be  moved  (see  the  following  section). 

System  8  flightpath  mode 

As  noted  system  B  was  a  near-optimal  FCS  for 
the  kind  of  aircraft  under  consideration.  The 
fact.  that,  all  pilots  rated  level  1  handling 
qualities  Implies  that  the  criteria  which  pre¬ 
dicted  Level  2  (Bandwidth  Criterion  ana 
Equivalent  Time  Delay)  are  clearly  not  appli¬ 
cable  to  aircraft  with  flightpath  control  laws. 
However,  those  Love1  2  prediction?  were  based 
on  three  particular  parameters:  effective  time 
delay  obtained  from  open  loop  responses;  equiv¬ 
alent.  time  delay  determined  through  equivalent 
system  transfer  functions;  and  bandwidth.  rhe 
present  boundaries  for  those  three  parameters 
are  mainly  based  on  results  of  fighter  flight 
tests  In  category  A  flight  phases  (ic  rapid 
manoeuvring,,  precision  tracking,  etc).  A 
relaxation  of  these  requirements  for  their 
application  to  largo  transport  aircraft.,  is 
therefore  already  under  discussion.  Even 
though  the  particular  criter  la  may  not  be  fully 
valid  for  aircraft  with  flight-path  control 
laws,  the  results  from  the  present,  experiment 
may  contribute  to  the  establishment  of  now 
boundaries  appropriate  for  largo  transport 
aircraft  In  tannins  I  flight  phase?: . 

Control  system  chanotcver 

I  ha  case  of  a  failure  in  the  FCS  and  cr-o 
changeover  to  a  backup  system  which  has  differ¬ 
ent  handling  qualities  is  net  covered  by  any 
existing  handling  qualities  criterion. 

Backup  fl (gin  control  systems 

The  handling  qualities  criteria  considered 
sometimes  predict  significant  dt f  f erencAA  be 
tween  the  backup  sys  Lams  1  and  D  Th  •  s  clues 
not  correspond  to  ins  pilot  ratings  obtained, 
which  indicated  that  the  pilots  sosily  t-uld 
not  distinguish  between  the  two  df  r*er out 
bat  kttp  systems . 


Most  of  the  criteria  predict,  level  1  for  these 
systems,  while  the  overall  pilot  rating  was 
Level  2.  Since  the  pitch  rate  cotmand  laws  of 
the  backup  control  systems  are  suited  for  an 
assessment,  against  existing  handling  qualities 
criteria,  the  results  of  the  assessments  per¬ 
formed  do  riot  give  any  consistent  explanation 
fur  their  Level  2  handling  qualities. 

However,  the  loss  of  control  augmentation  fea¬ 
tures  was  mentioned  as  the  main  reason  for- 
handling  qualities  degradation  relative  to  the 
primary" systems,  a  fact  which  Is  not  covered  by 
ary  criterion.  Apart  from  these  deficiencies, 
the  handling  qualities  of  ho  backup  control 
systems  wer®  rated  Lovol  1.  This  can  almost  bo 
taken  as  confirmation  of  tin  predictions 
the  application  of  handling  quail  lies  criteria, 
taking  account  of  trio  fact  that,  for  transport 
aircraft  the  Hivrerlng  of  the  boundaries  of 
those  criteria  predicting  Level  2  nandl  ,ny 
'"’o’!  It  las  Is  i  rider  discussion, 

>  PROPOSES  FOR  NEW  HA,  U.ING  QUALITIES 
MEASURES 

1 1  isJitpath  control 

Most  existing  criteria  assume  that  the  system 
must  provide  good  Ditch  control  in  order  to  ' 
permit  the  pilot  to  achieve  good  flightpath 
control.  ReFTstudlcs  the  basis  cf  each  of 
the  criteria  of  Laois  1,  to  consider  whether  as 
it  stands  It  is  appropriate  for  systems  which 
give  direct  control  of  flightpath,  and  if  non, 
where  possible  proposes  a  logical  adaptation 
which  should  make  it.  appropriate. 

System  changeover 

Pilot  comments  on  the  control  system  changeover 
at  failure,  and  the  associated  transients,  were 
highly  dependent  on  the  actual  flight  condition 
at.”the  Instant  of  the  failure.  Consequently  It. 
will  bo  extremely  difficult  to  define  -a  .Joglo 
parameter  or  a  combination  of  parameters  on 
which  a  measure  of  handling  qualities  during 
changeover  transients  can  be,  based,  buFTt'Tsay 
be  possible  to  measure  the  change  in  handling 
qualities  once  the  transients  are  ever. 

If  the  existing  criteria  am  applied  to  the 
flightpath  control  primary  systems  considered 
here  then,  although  many  of  the  criteria  are 
logically  Inappropriate  for  such  systems,  most 
of  them  give  results  which  are  consistent  with 
the  pilots'  ratings.  This  suggests  a  possible 
technique  for  quantifying  the  charge  in  hand¬ 
ling  qualities  when  an  FCS  change-over  from 
flightpath  to  pi  ten  rate  control  (as  well  as 
from  pitch  rate  to  pitch  rate)  occurs.  The 
change  could  be  measured  by  assessing  the  mag¬ 
nitude  of  tins  changes  within  Individual  exist¬ 
ing  criteria.  Furthei  work  wl:?  be  necessary 
to" quantify  such  measures  of  handling  qualities 
charge,  in  o*,;ier  to  establish  sound  changeover 
matures. 

As  noted  ear  Her.  the  changeover  of  si  trier  prl  - 
rrary  system  to  Its  flare  and  landing  mode  was 
/ijlly  i.abl  e.  IH  w-v,  ■«'?».-;  iv«)y  ■< 

smooth  change,  fi'or  i A  i.o  1.  ■  b  to  n  xd. 
with  no  crisn-gf  m.  r si.  ‘ 


8  CONCLUSIONS 

A  prints  objective  of  i!w  Investigation  was  to 
assess  the  vr.lue  of  longitudinal  handling  qual¬ 
ities  criteria  whan  applied  to  a  relaxed  Icnql- 
tudinal  stabil  ity  trmsport  aircraft  controlled 
through  an  ACT  system.  The  alia  was  to  estab¬ 
lish  guidelines  which  could  be  applied  to: 
sophisticated  f.rlaary  systems  having  fllghtpath 
as  the  primary  cont.ro>  p?.r«u»t«r;  associated 
vcdts  or  simpler  backup  systems  with  pitch  rate 
control;  and  the  changeover  between  thee. 

It  «ust  ba  recognised  that  existing  longitudi¬ 
nal  criteria  ha ve  toiwsn  developed  from  systems 
which  In  general  provide  only  Ditch  rate  con¬ 
trol.  Also,  Host  existing  criteria  hava  not 
b«®n  ctov«*op®d  for  e  control  strategy  with 
pulse -like  Incuts  such  as  ar«  wn#n  the  PCS 
Incorporates  told  terms.  Furthermore,  they  do 
not  give  consideration  to  changeover  effects, 
augmentation  features  Ilka  autothrottle  and 
bank  cotsperisatlon,  or  advgrcad  displays  like 
the  HUD  used  hues' 

In  order  to  assess  the  value  of  existing  cri¬ 
teria  and  proposed  measures  It.  has  been* necess¬ 
ary  to  estimate  what  the  ratings  in  the  present 
study  would  have  bow  It  the  pilots  had  been 
able  tc  disregard  the  augmentation  features  and 
advanced  displays.  It  Is  considered  that  the 
criteria  and  measures  .should  indicate  the 
following  handling  qualities, 

revel  1-2:  for  pr Inary  system  A 

Level  1  for  primary  system  8. 

Level  1  for  the  flare  and  landing  nodes  of  A 
and  8 . 

Level  1  for  the  changeover  from  A  or  B  t.o 
their  flare  nodes. 

Level  1-2  for  backup  systems  C  a ik>  t). 

Level  ?.  for  the  changeover  frosi  primary  sys¬ 
tems  A  or  B  to  backup  systems  C  or  0. 

Base'1*  on  those  ratings  the  following  con¬ 
clusions  can  be  drawn: 

Fourteen  of  the  sixteen  existing  criteria 
assessed  In  this  investigation  are  con¬ 
sistent  with  the  pilots'  ratings  of  the 
backup  systems,  and  the  primary  fl era  and 
landing  systems,  provided  that,  the  t.1,.ie 
delay  requirements  are  relaxed.  Th«  two 
which  seem  less  appropriate  are  the 
Bandwidth  Criterion  with  its  current 
fighter-based  boundaries  and  th®  Dropback 
Criterion. 

Hie  philosophy  on  which  *H  but  three 
(Longitudinal  Static  Stability,  Steady 
Manipulator  Forces  1r  Manoeuvring  Flight, 
and  Dynamic  Manipulator  Forces  in 
Manoeuvring  Flight)  of  the  existing  crl- 
terl i  are  based  Is  Inappropriate  for 
oss.-ssfng  ^Hghtpatb  control  systems,  so 
they  should  not  Ik;  u  erf  for  this  purpose. 

,f,r.  V.,,  4pp.iitat.iun  specif  Km  ly  to 
i  r/j^trui  systems,  logical  adap- 

.:c  •  .Jtffj  tb-itativilv  proposed  in  kef'  .1 
vn  i?,s  .  -mr i.ilng  thirteen  existing 
■  ■  ‘  i’-.- ■,  i  are  noi  .*.:*.»» opr  lain  as  they 

:  i ether  work  will  be  nw.es :»?.» y  to 
u_.  .  b£ tween  !*•-'«!'• 


A  technique  is  proposed  for  using  existing 
criteria  to  Measure  in#  change  1r  handling 
qualities  whan  an  FCS  tmia  change  or 
reversion  to  a  backu,'  control  v.ystoe 
occurs..  A1  though  existing  criteria  are  ’r> 
general  not  appropriate  to  fllghtpath  con 
trol  systems.  It  It  suggested  that,  those 
proposed  changeover  measures  can  still  be 
applied  when  the  primary  system  controls 
fllghtpath..  Further  work  on  this  topic  *•$ 
necessary.  However,  even  with  tho  sare 
handling  .qua!  Hies  for-  primary  and  bj.cV.uf. 
systems  according  to  existing  criteria, 
handling  qualities  way  bo  rated  quite  dif¬ 
ferent  By  the  pilot  because  of  changes  In 
augmentation  end  displays  which  tha  cri¬ 
teria  do  net  recognise. 

Criteria  are  required  for  autothrottle 
systems . 

S  SUIDELWS 

9 . 1  General 

A  summary  of  the  twin  . 'exults  deduced  vr jm  the 
reported  experiment  follows.  It  has  been 
extracted  from  Re?  4  and  Is  sub-dlvldni  into 
some  genera’  experimental  results  l.i 
Section  3.2,  and  the  handling  qualities  design 
guidelines  In  Section  9.3  Each  generic  result 
or  guideline  is  introduced  by  a  snort  do  .crl  po¬ 
tion  of  the  background  that  lari  to  it 

5 . 2  Generic  experimental  results 

With  respect  to  th*  setup  of  the  experiment,  H. 
was  concluded  from  the  expressed  pilot  opinions 
that  It  Is  a  viable  concept,  for  future  FBW 
transport  aircraft  to  be  equipped  with  a  HUB 
and  controlled  by  means  of  a  sldostlck.  Also 
the  philosophy  of  a  primary  longitudinal  FCS  as 
mschaulted  In  the  reported  experiment  vies  wail 
accepted  by  the  pilots.  Therefore: 

a.  A  future  fly-by-wire  FCS  for  transport 
aircraft  can  satisfactorily  be  ■nechaniT'fed 
as  fllghtpath  rate  command/fl ightpath 
angle  fold  Kith  associated  auto throttle 
and  bark  campon sati on  features,  be  ;on- 
troiled  hj  ssoans  of  a  ndest.’-ck,  and  be 
equipped  with  a  Hut. 

Pilots  readily  accepted  the  changeover'  charac¬ 
teristics  from  the  primary  system  to  the  flare 
system  below  100  ft  and.  apart  fro*  the  loss  of 
sophistication,  the  changeover  to  the  backup 
sy stows  at  FCS  failure. 

b.  Tha  dynamic  •arxjeover  from  an  FCS  based 
on  ff’ghipatn  cuni.ro'1  bo  a  pitch  control 
mode  at  flare,  or  tc  a  backup  pitch  con¬ 
trol  system  at  PCS  failure,  can  sati .--fac¬ 
tor  1!y  »a  mechanized  as  In  the  reported 
uxperi»»rtt;  f*cfhig  from  fllghtpath  to 
pitch  contiol  mode  at  flare,  and  instantly 
freezing  paraaeter  re! at?,  ard  switching  to 
the  backup  modi  at  FCS  Cat  lure,  followed 
ny  fading  from  primary  tc-  backup  signals. 

Although  force  versus  dHplaceosnt  character¬ 
istics  for  pitch  «mi  roll  central  with  tire 
sldest  I  ;k  war*  haraonlzud,  the  pi  lots  com 
plained  afcuut  overal  1  iwrteoHzat’ot,  piphiees 
due  to  different  raspon:,®  end  display  charac¬ 
teristics,  and  different  levels  of  vystero 
sophistlct&icn. 


r. Hanronl ratten  b«tw««jri  pitch  and  roll 
ittonid  irxtlud®  all  aspects:  slmstlck 
response  and  display  characterl stirs,  and 
xys  t*m  *-ophi  xt  1  ra lion. 

9 . 3  fio  !<*?!  1 jibs 

fMturu  transport  aircraft  ana  likely  to  bw 
equipped  with  RTW  flight  control  systems  with 
which  f/i lots  can  dlractiy  control  flight  vari¬ 
ables  chat  «rw  only  control  1  able  indirectly  In 
Most  current  aircraft.  This  means  that  the 
'unction  of  the  controls  Is  changed,  and  that 
the  control  1 «o  parawettr  Must  be  displayed  to 
til*  pilot.  Therefore,  'in  such  a  situation  the 
assessment  of  handling  qualities  of  w 
ai*‘craft/f  light  control  system  ccxK)1  notion 
becomes  Inseparable  from  control  and  display 
characteristics.  This  i«ads  to  tne  following 
girl  del  )n@: 

Guideline  1:  When  assessing  handling  qual- 
TET«s7  The  comp  let#  system  wist  be  corr- 
sldcued:  Including  not  only  control  laws, 
but  also  the  characteristics  of  cockpit 
controls  and  displays. 

Ths  existing  hand! inn  qualities  criteria,  which 
ha''*  been  us*d  here  in  the  assessment  of  ♦he 
various  flight  control  systems,  only  consider 
the  aircraft  and  control  laws,  without  the 
characteristics  of  cockpit  controls  arid  dis¬ 
plays.  Hence  the  following  guideline: 

Guideline  ?-  When  applying  existing  hand- 
Tins  “qj'aTTties  criteria,  ba  careful 
because  they  do  not.  include  the  character¬ 
istics  of  cockpit  controls  and  displays. 

The  exist  sg  longitudinal  handling  qualities 
criteria  row  been  established  for  aircraft 
where  the  stick  controls  elevator  or  pitch 
rat,.!,  orrS  In  most  cases  are  based  oi-  tno  pilot 
exercising  Inner- loop  pitch  control  In  ordor  to 
obtain  outer-loop  fliqhtpatn  control.  Although 
pitch  attitude  'or  rate)  remains  a  very  Vpor  ■ 
tar, l  parameter  for  pilots  Judging  th®  handling 
quail  Mas  of  t-pnsDort.  ilrcrcfi  'tj  passenger 
comfort  considerations),  such  criteria  are  rwt 
directly  applicabla  to  fllghtpath  control  sys¬ 
tems,  even  thougn  they  mi.  appear  to  give  valid 
measures  of  handling  qualities  levels. 

Guideline  j:  tihor.  cpjlylng  any  handling 
qualTFTes  criterion,  cere  «u$t  bs  taker,  to 
ensurn  that  Its  basis  Is  compatible  with 
the  co.vtroi  sy'teF  being  studied. 

Specific  criteria  for  fllghtpath  control 
systems  roust,  be  developed. 

One  of  the  vostigated  primary  flight  control 
systems  *•* fared  discontinuities  ir«  the  cot - 
Banded  fl1gh,paih  angle  when  that  was  different 
f rot  the  ,'ctual  fllghtpath  sngl®  at  initiation 
of  a  longlvudlrnt  stick  Input.  This  was  hi  ah- 
lighted  by  the  HUP  and  was  disturbing  with  in- 
tortion-rl  Inputs,  but  *v*n  more  so  vnen 
accidental  cross-coupling  from  roll  Inputs 
occurred,  wsoeclally  In  high  turbulence. 

Gu Idol  In*  4:  H.  ght  control  systems  should 
raTTnlroSks  step  chances  in’  desand  if 
the  pilot  does  net  pu*  In  i eputs  r-*  this 
type. 

Rsf  3  proposes  adaptations  i>j  the-  n?s1s  cf 
t»»  existing  1  nglttejliMil  criteria,  to  wafca 
tba»  appllcasH  specif  Usl  iy  to  1 1  Ightpatc 


control  systems,  .wwevor,  boundaries  between 
handling  qualities  lovoli  ere  only  presented 
for  ore  of  those  proposals. 

Guirfallna  5:  file  adapted  criteria  pre- 
s<irffiw”TnTfef  3  rhtnlu  be  applied  to 
*■?  Iqfupach  control  systems .  Vo  ensure 
good  handling  qualities  whore  handling 
qualities  level  boundaries  are  currently 
not  available,  car®  should  be  taken  that 
the  parumater  valuer  fer  such  systems  do 
not  dlffe;  too  Much  from  the  data  points 
for  these  criteria  in  Kef  3. 

Although  th®  handling  qualifies  or'  the  backup 
systems  were  judged  good  by  the  pilots,  the 
cnangeover  at  fall  urn  from  the  primary  to  the 
backup  system  was  ‘tlw  wain  reason  for  the 
degraded  handling  qualities  ratings  for  the 
backup  systems.  Th®  pilots  argued  that  the 
change  In  system  sophistication  was  too  big  In 
the  current  experiment  (especially  mentioned 
war®  the  loss  of  turn  coordination  avid  auto- 
tnrottle  functions,  and  t.ho  loss  of  the  flight- 
path  vector  information  In  th«  HUD). 

Guideline  6:  If  a  primary  PCS  failure 
results  In  'a  changeover  to  a  less  sophis  ¬ 
ticated  backup  system,  then  the  change  In 
sophistication  Must  oe  limited,  as  must 
changes  In  flight  information  displayed., 
to  be  acceptable  to  the  pilots. 

The  study  also  addressed  the  simpler  question 
of  pilots'  reaction  to  the  change  in  basic 
handling  characteristics  on  changeover  to  a 
different  control  mode,  or  backup  system. 

Ref  3  proposes  that  existing  longitudinal  cri¬ 
teria  can  provide  the  basis  for  measuring  such 
changes  Iri  Handling  qualities,  Howsvar,  limits 
cf  acceptability  have  yet  to  be  established. 

Guideline  7:  The  measurement  technique 
propocoiTTn  Ref  3  should  be  applied  to  any 
sudden  change  In  longitudinal  PCS  charac¬ 
teristics.  To  ensure  good  handllrg  qual¬ 
ities,  caro  should  He  taken  that  the 
magnitude  of  such  ;  change  Is  rot  substan¬ 
tially  larger  '.ban  ndlccted  by  the  data 
points  In  Rev  3. 

Our' rig  tha  experiment,  the  pilots  were  fre¬ 
quently  confronted  with  FCS  failure;',  and  fierce 
were  well  trained  to  cope  with  the  change  In 
system  sophistication  They  were  however 
worried  about  future  day-to-day  operation,  whan 
failures  only  occur  very  rare’y  and  the  pilots 
are  likely  to  be  less  well  trained.  This  leads 
to  the  f o  1 1  y.i  1  rig  gi.ldol  1  ns : 

Guide!  ln*_E:  Crew  training  should  hlqii- 
T  fgfnrtfi'e  ccn sequences  of  the  chance  t  n 
system  sophistication  at  a  failure  In  the 
primary  (Ci . 

For  the  primary  flight  control  systems  under 
consideration,  which  were  based  on  fllghtpath 
rat®,  an  autothrottle  was  Imperative.  The 
pilot  comments  IndH-cst^d  that  the  autothrottle 
system  used  Airing  the  experiment  was  too  slow. 
Thor*  «re,  however,  no  existing  criteria  for 
th*  assign  of  autotfw'ottl&s,  1  herofor* 

Guideline  8:  iftum  use  is  mad*  of  *n  auto 

tTEotfTi," . this  systw  should  be  designed 

according  to  c«r,.a  r  criteria  (for  which 
criteria’ should  be  developed) . 


10  RFC0FWEN0ATI0NS  FOR  FURTHER  WORK 
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ll'fl  recomn.andat.1ons  for  further  work  evolved 
from  the  las?  than  satisfactory  characterlsf  <:s 
of  the  lateral /directional  FCS,  and  the  los:  of 
augmentation  features  and  some  HUI)  Information 
at  the  moment  of  failure,  which  may  have  Influ¬ 
enced  the  results  of  the  longitudinal  study. 

It  was  proposed  that: 

a.  The  present  study  should  ho  extended,  so 
as  to  establish  a  basis  for  low-speed 
latoral/dlrectlonal  handling  qualities 
guidelines  for  transport  aircraft.  This 
study  should  include  the  effects  of  rever¬ 
sion  to  a  backup  system  on  failure. 

b.  A  full  HUD  format  and  associated  hoad-down 
displays  should  be  developed  as  an  Inte¬ 
grated  part  of  the  FCS  for  use  with  (a) 
above. 

c.  Following  the  above,  a  return  should  be 
made  to  a  further  longitudinal  handling 
qualities  study  including  an  Improved 
autothrottle.  This  work  would  resolve 
some  of  the  questions  left  unanswered  by 
the  present  study.  In  particular  a 
broader  variation  of  system  parameters 
would  provide  the  basis  for  more  well 
defined  design  guidelines. 

The  GARTEUR  organisation  has  recently  approved 
a  new  lateral /directional  handling  qualities 
Exploratory  Group  to  establish,  with  Industry, 
whether  there  are  clear  grounds  for  a  further 
study  to  cover  some  of  these  Items. 

In  conclusion,  at  the  end  of  the  old  Action 
Group's  work,  the  members  considered  that  their 
conclusions  and  guidelines  represented  a  fruit¬ 
ful  cooperation  between  research  Institutes  of 
the  four  European  countries  Involved. 
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TABLE  1 

EXISTING  LONGITUDINAL  HANDLING  QUALITIES 
CRITERIA 

Criteria  using  frequency -drama  in  characteristics 
Aircraft  transfer  function 
Neal -Smith 
Inferred  closed-loop 
Bandwidth 

NLR  precision  fllghtpath  control 
Attltude/fl Ightpath  consonance 
Criteria  using  time-domain  characteristics 
Aircraft  open- loop  time  response 
C*t1me-h1story  envelope 
Large  supersonic  aircraft 
Shuttle  pitch  rate  time-history  envelope 
Dropback 

NLR  rise-time  and  settling-time 

Miscellaneous  criteria 

Longitudinal  (speed)  static  stability 

Steady  manipulator  forces 

Dynamic  manipulator  forces 

Steady  manipulator  forces  vs  pitch 
acceleration 
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FIGURE  1  FLIGHTPATH  RESPONSE  OF  SYSTEMS  A  AND  B 
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THE  FLYING  QUALITIES  INFLUENCE  OF  DELAY  IN  THE  FIGHTER  PILOT'S  CUING 
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SUMMARY 

Flight  testing  has  amply  demonstrated  the 
serious  flying  qualities  deficiencies  that  can  occur 
from  excessive  control  system  delay.  Delay 
outside  of  the  control  system,  yet  within  the  pilot’s 
cuing  environment,  can  be  potentially  as 
deleterious  as  control  system  delay  effects.  This 
paper  summarizes  the  results  of  flight  tests  to 
evaluate  the  effect  on  flying  qualities  of  time 
delay  in  the  pilot's  cuing  environment  introduced 
outside  the  flight  control  system.  These  delays 
were  introduced  in  the  tactile  cuing,  head-up 
display  visual  cuing,  and  the  motion  and  visual 
cuing  during  simulation  of  fighter  aircraft. 

NOMENCLATURE 

ALT  Altitude 

Fas  Roil  stick  force 

Fcs  Pitch  stick  force 

FS  Fee!  system 

HUD  Head  up  display 

K1AS  Knots,  indicated  air  speed 

km  Kilometer 

Kpp  Prefilter  static  gain  value 

Kps  Feel  system  static  gain  value 

Lg  Primed  roll  control  effectiveness 

stability  derivative 

mils  Milliradian 

msec  Millisecond 

nz  Aircraft  normal  acceleration 

p  Aircraft  roll  rate 

p  Aircraft  roll  angular  acceleration 

PF  Prefilter 

q  Aircraft  pitch  rate 


nns  Root-mean  squared 

SP  Short  period 

0  Aircraft  pitch  attitude 

0cmmd  Pitch  attitude  command 

terror  Pitch  attitude  error 

({>  Aircraft  roll  attitude 

<j>cinmd  Roll  attitude  command 

terror  Roll  attitude  error 

te  Equivalent  time  delay 

tcff  Effective  time  delay 

£  Damping  ratio 

at  Natural  frequency,  rad/sec 

INTRODUCTION 

The  influence  of  time  delay  on  fighter  flying 
qualities  has  been  a  subject  of  considerable 
concern  because  the  effects  are  so  deleterious. 
Flight  test  results  of  the  YF-1C  ,  F-18,  and  Tornado 
aircraft  (Reference  1 )  have  shown  that  delay  in  the 
path  between  pilot  control  input  and  aircraft 
response  creates  imprecision  and  unpredictability 
in  the  pilot's  ability  to  control  the  vehicle.  The 
outcome  is  increased  pilot  workload  for  control 
and,  if  severe  enough,  pilot-induced  oscillations 
with  their  concomitant  potential  for  disaster. 

Research  has  been  undertaken  to  understand 
die  effects  of  control  system  time  delay  and  higher 
order  control  system  effects,  in  general  (Reference 
2  and  3).  Flight  control  system  design  criteria, 
governing  allowable  control  system  delay  levels, 
have  evolved  (Reference  1,  4,  and  5).  These 
criteria,  however,  are  by  no  means  complete  or 
comprehensive.  For  instance,  considerable 
disagreeme  .t  exists  as  to  whether  time  delay 
criteria  such  as  these  of  M11.-F  87K5C  or  Mil, 
SID- 1797  are  applicable  to  ail  classes  of  aircraft 
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(i.e.,  both  fighter-type  and  transport-type  aircraft) 
since  data  substantiating  the  time  delay 
requirements  were  primarily  developed  from 
fighter-class  aircraft.  The  MIL-F-8785C  (and 
MIL-STD-1797)  requirements  for  time  delay  are: 

LEVEL  1:  x=  100  msec 

LEVEL,  2:  x  =  200  msec 

LEVEL  3:  x  =  250  msec 

Despite  the  understanding  of  control  system 
time  delay  effects  that  has  been  evolving, 
available  design  criteria  and  research  are 
inadequate  or  inappropriate  when  the  delay  is  not 
resident  in  the  control  system.  These  other 
sources  of  time  delay  can  occur  in  the  motion, 
visual,  or  tactile  cue  feedbacks  to  the  pilot.  This 
can  be  illustrated  using  the  pilot-vehicle  dynamic 
system  diagram  of  Figure  1  (Reference  lb).  The 
pilot  is  the  controller  of  the  augmented  aii  craft  in 
this  closed-loop  system.  Control  system  delay 
equally  affects  both  the  motion  and  visual  cues 
feedback  to  the  pilot.  Delays  outside  of  the 
control  system  but  within  the  pilot’s  cuing 
environment  may  affect  only  one  feedback 
element,  yet  its  influence  can  be  as  deleterious  as 
control  system  delay  effects.  For  instance,  delay 
is  introduced  by  the  display  proct  tsing 
requirements  for  head-up  displays,  helmet- 
mounted  displays,  and  others.  The  capabilities 
and  sophistication  of  these  devices  increase  their 
importance  in  mission  success  and  thus,  enhance 
their  predominance  in  the  p  lot  cuing 
environment  Therefore,  the  relay  in  the  visual 
cuing  response  introduced  by  nest  devices  can 
significantly  impact  flying  qua  i tie  as  it  affects 
the  pilot-vehicle  dynamic  syttetn.  However, 
design  criteria,  governing  control  system  delay 
requirements,  are  not  appropriate  for  the  delay 
requirements  for  visual-only,  motion-only,  and 
tactile  cuing  feedbacks.  Application  of  control 
system  delay  criteria  in  these  instances  can 
severely  and  incorrectly  im[  act  a  vehicle  design. 

In  this  paper,  the  results  of  several  research 
programs  are  presented  where  the  influences  of 
delay  or  high  order  dynamics  in  the  pilot  cuing 
environment  were  evaluated.  These  data  and 
analyses  provide  guidance  into  the  effect  that 
delays  introduced  by  elements  other  than  the 
control  system  have  on  fighter  aircraft  flying 
qualities. 


The  definitions  of  time  delay  in  this  paper  are 
"equivalent"  delay  measures;  that  is,  the  delay 
components  include  both  pure  digital  delay  (i.e., 
from  digital  computing  elements)  and  "high 
order"  phase  delay  (i.e.,  the  delay  is  caused  by 
phase  lag  added  to  the  "nominal"  response).  This 
concept  follows  the  basis  provided  in  Reference  1. 
The  term  "equivalent"  time  delay  (xe)  refers  to  the 
sum  of  the  digital  and  high  order  delays  measured 
in  the  frequency  domain  using  a  technique  such  as 
that  proposed  in  Reference  4.  "Effective"  time 
delay  (?eff)  refers  to  the  sum  of  the  digital  and 
high  order  delays  measured  in  the  time  domain  by 
the  maximum  slope  intercept  method  (Reference 
1).  These  two  metrics  should  yield  similar  delay 
quantities  for  the  same  system  although  important 
differences  arise  that  demand  attention.  In  either 
case,  these  measures  attempt  to  quantify  the  delay 
between  pilot  control  input  and  the  response 
perceived  by  the  pilot. 

FEEL  SYSTEM  INFLUENCE  ON  FIGHTER 
AIRCRAFT  FLYING  QUALITIES 

In  the  F/A-18  and  X-29A  aircraft  develop¬ 
ments,  important  design  questions  were  raised  as 
to  the  role  that  the  pilot's  tactile  cuing  played  in 
the  aircraft  flying  qualities.  In  particular,  the 
questions  concerned  the  significance  that  the 
delay  introduced  by  the  primary  cockpit  controller 
feel  system  (a  centerstick  in  both  cases)  had  on 
the  aircraft  handling  qualities.  Data  generated 
previous  to  these  aircraft  developments  by  such 
research  aircraft  as  the  USAF  variable  stability 
NT-33  employed  feel  system  designs  that  were  of 
sufficiently  high  frequency  and  damping  that  the 
position  response  of  the  controller  to  a  pilot- 
applied  force  input  was  essentially  instantaneous. 
Consequently,  the  displacement  of  tne  controller 
was  dynamically  "transparent"  to  the  pilot  and 
unobtrusive  to  this  control  actions.  Control 
system  time  delay  criteria  developed  from  data 
produced  by  the  vehicles,  indicated  that  the  delay 
should  be  measured  from  control  force  input  to 
aircraft  angular  rate  response.  Thus,  the  delay 
introduced  by  the  feel  system  dynamics  should  he 
inciuded  in  the  overall  time  delay  "account."  This 
procedure  was  adopted  in  MILT- -8785C 
(Reference  8)  with  a  maximum  of  100  msec 
allowable  for  Level  1  flying  qualities. 

The  early  design  of  the  F/A-  1 8  aircraft  utilized 
a  force  command  control  system  arehitec-ture. 
The  primary  advantage  of  this  command  type  is 
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its  immunity  to  loss  of  aircraft  control  due.  to 
damage  or  immobilization  of  the  cockpit 
controller,  in  addition,  this  architecture  theoret¬ 
ically  reduces  the  overall  delay  between  control 
force  input  and  aircraft  response  since  the  feel 
system  dynamic  elements  are  placed  in  a  parallel 
instead  of  serial  path  between  pilot  control  input 
and  the  aircraft  control  command.  This  difference 
in  architecture  is  illustrated  using  the  simplified 
schematic  diagram  for  a  roll  flight  control  system 
in  Figure  2.  A  pilot-applied  step  force  command 
is  input  to  both  the  force  and  position  command 
control  system  architectures.  For  these  same  step 
inputs,  90  msec  more  effective  time  delay  results 
from  a  position  command  system  compared  to  a 
force  command  system. 

This  simple  example  does  not,  however, 
consider  the  practical  implementation  of  a  force 
command  system  and,  as  demonstrated  in  the  F/A- 
}  8  development,  contradicts  this  hypothetical  time 
delay  reduction.  The  force  signal  sensed  at  die 
controller  is  inherently  more  noisy  than  the 
position  signal  due  to  transducer  differences  and 
the  mechanical  smoothing  that  occurs  from  the 
feel  system  spring,  mass,  damper  mechanics.  The 
F/A-18  force  signal,  therefore,  required  significant 
filtering  to  attenuate  noise  and,  combined  with 
forward  path  structural  notches  filters  on  the  stick 
input,  the  "equivalent  delay '  due  to  these  "high 
order"  filters,  more  than  offset  the  delay  produced 
by  the  feel  system  dynamics.  The  F/A-18  actually 
changed  from  a  force  command  to  .  osition 
command  control  system  architecture  (»  ference 
1 1)  in  an  effort  to  reduce  the  overall  response  lag 
between  pilot  control  input  and  aircraft  response. 

The  X-29A  control  law  mechanization  utilizes 
a  stick  position  command  architecture.  In  the  X 
29A  design,  the  question  of  whether  the  feel 
system  should  be  included  in  the  time  delay 
account  for  MII.-F-8785C  requirements  took 
special  significance  because  the  fee!  system 
natural  frequency  was  only  P  rad/sec.  With  a  0.7 
damping  ratio,  ever  1(H)  msec  of  equivalent  time 
delay  is  contributed  by  the  feel  system  alone  in  an 
equivalent  system  analysis  between  aircraft 
response  and  pilot-applied  force  input. 
Consequently,  Level  1  delay  requirements  could 
not  possibly  be  met  with  the  X  29  fee!  system 
design.  Dufng  the  design  stage,  this  situation 
created  considerable  turmoil.  In  the  end,  X  29 A 
flight  test  result  did  not  reveal  any  flying 
qualities  deficiencies  that  were  related  to 


excessive,  delay  between  pilot  control  input  and 
aircraft  response  (Reference  13). 

These  two  designs  highlight  the  powerful  and 
unique  role  that  the  tactile  cuing  provided  by  the 
feel  system  response  feedback  to  the  pilot  plays  in 
aircraft  fly  ing  qualities.  The  fed  system  provides 
vital  information  feedback  to  the  pilot  regarding 
his  control  actions,  yet  it  also  acts  as  the  interface 
between  the  pilot  and  vehicle,  control  system. 
This  interface  is  unique,  however,  as  both  the 
input  (force)  and  output  (position)  of  this  element 
are  directly  sensed  by  the  pilot.  To  further 
investigate  the  effect  of  the  feel  system  on  flying 
qualities,  the  USAF  variable  stability  NT-33  was 
used  as  the  testbed  for  an  in-flight  flying  qualities 
research  program  evaluating  the  influence  of  the 
feel  system  on  lateral  fighter  flying  qualities. 

The  NT-33A  aircraft  was  modified  by  Calspan 
and  is  now  operated  by  Calspan  under  USAF 
contract  as  an  in-flight  simulator.  The  vehicle  is 
an  extensively  modified  Lockheed  T-33  jet 
trainer.  The  evaluation  pilot,  who  sits  in  the  front 
cockpit,  controls  the  aircrafi  through  a  standard 
centevstick  or  sidestick  and  rudder  pedal 
arrangement.  The  front  seat  control  system  of  the 
NT  33A  has  been  replaced  by  a  full  authority  fly 
by-wire  flight  control  system  and  a  variable 
response  artificial  feel  system.  A  fully  programm¬ 
able  bead-up  display  (HUD)  is  installed  in  the 
front  cockpit.  The  system  operator  in  the  rear 
cockpit,  who  also  acts  as  safety  pilot,  controls  the 
simulated  HUD  and  aircraft  configuration 
characteristics. 

To  meet  the  test  objectives,  variations  were 
made  to  the  generic  roll  flight  control  system 
architectures  shown  in  Figure  2.  Evaluations  of 
fighter-type  (Class  IV)  roll  flying  qualities  were 
made  with  variations  primarily  in: 

»  Augmented  Aircraft  Configuration 
(combinations  of  1,'$) 

*  Control  System  Command  Architecture 
(position  or  force  command) 

*  Feel  System  Dynamics 
(OJps  •---  2f>,  13,  or  8  rad/sev ) 

*  Control  System  Fref liter 

t oipj,  -  20,  ) 3,  or  S  rad/sec) 


Evaluations  primarily  titiSiml  a  teutersiick 
controller  although  some  evaluations  with  a  side  - 
stick  controller  were  conducted.  The  augmented 
aircraft  roll  mode  time  constant  variations 
spanned  fhc  lower  level  5  range  of  fightcc  aircraft 
values  (t^  =  .43  to  .15  sec).  The  effective 
command  gain  (L'g)  was  adjusted  to  nnainUiir/  a 
steady-state  roll  rate-per-unit  roll  stick  force  lor 
each  Tr  variation  A  linear  command  gradient 
was  used  exclusively  with  essentially  no  breakout 
or  hysteresis  force  in  the  feel  system.  Nominally, 
a  4  Ibs/inch  roll  force-deflection  gradient  was 
simulated. 

Evaluations  were  conducted  in  power 
approach  (Flight  Phase  Category  C)  and  up-and- 
away  (Flight  Phase  Category  A)  tasks  Up  and- 
away  evaluations  included  formation  flying,  gun 
tracking,  and  computer-generated  HUD-displayed 
roll  attitude  compensatory  tracking  tasks.  The 
nominal  flight  condition  was  280  KfAS  (518 
km/fir  indicated)  at  7500  ti  (2290m)  altitude.  I  he 
power  approach  task  was  a  visual  approach  with  ?. 
300  ft  (91m)  lateral  offset  and  the  lateral  line-t.p 
correction  initiated  at  200  ft  (61m)  AGL  (above 
gi  und  level)  concluding  with  a  flared  landing  to 
touchdown.  Stringent  desired  and  adequate 
performance  standards  were  established  for  each 
task  Details  of  the  experiment  and  its  results  are 
contained  in  Reference  12 

Three  engineering  test  pilot’s  served  as 
evaluators.  Based  on  their  pilot  rating  and 
comment  data,  the  feel  system  characteristics  and 
the  tactile  cuir.g  were  evaluated  as  being 
somewhat,  but  not  completely,  independent  of  the 
configuration  response  characteristics  This  could 
occur  because  both  the  input  and  output  of  this 
"system  clement"  were  sensed  directly  by  the  pilot 
arid  these  characteristics  potentially  dominated  the 
aircraft  flying  qualities  irrespective  of  the  aircraft 
roll  response  due  to  these  control  inputs.  The 
influence  that  these  characteristics  had  on  flying 
qualities  was  often  ’separated"  from  the 
augmented  aircraft  roll  response  flying  qualities 
(The  evaluation  pilots  had  no  knowledge  of  the 
configurations  they  were  evaluating  not  of 
whether  a  force  or  position  command  control 
system  was  being  employed.) 

With  this  re  suit,  the  fed  system  influence 
couid  be  described  almost  independently  of  the 
augment  d  aircraft  configuration  o?  control  lav 


architecture.  Foe  instance,  pilot  raring  data  for 
three  configurations  are  shown  in  Figure  5.  The 
26  rad/scc  feel  system  was  essentially 
'‘transparent”  to  the  pilots;  that  is,  the  dynamic 
response  of  rite  stick  position  due  to  a  force  input 
was  not  consciously  noticeable  nos  obtrusive  to 
his  control  actions.  With  a  0.7  damping  ratio 
maintained,  a  cemerstick  fee!  system  frequency 
change  from  26  rad/'ec  to  13  rad/sec  was 
occasionally,  but  net  often,  noticeable  by  the 
pilots  and/or  influencial  of  the  aircraft  flying 
qualities.  The  13  rad/sec  frequency  was 
apparently  just  at  the  threshold  above  which  the 
stick  dynamics  ate  transparent  and  below  which 
the  dynamic  stick  response  became  notice  able. 
Whether  the  13  rad/sec  feel  system  was  noticeable 
and  influenced  flying  qualities  depended  upon  trie 
required  ccntrol  actions  for  the  task,  the  aircraft 
configuration,  and  to  a  certain  degree,  on  the 
individual  piloting  control  technique.  If  large 
amplitude  or  rapid  inputs  were  employed,  the  feel 
system  dynamics  were  noticed,  and  degraded 
flying  qualities  could  occur  due  to  the  poor 
controller  feedback  cues.  For  feel  system 
frequencies  below  13  rad/sec,  (i.e.  8  rad/sec),  the 
feel  system  was  almost  always  noticed  by  the 
pilots  and  the  feel  system  characteristics 
significantly  influenced  the  closed  loop  pilot- 
vehicle  dynamic  system.  The  pilots  could  often 
tell  that  the  stick  dynamics  were  slow  or  sluggish, 
although  sometimes  the  pilots  just  noted  a 
peculiar  aircraft  response  to  control  inputs.  The  8 
rad/sec  stick  feel  system  effect  was  sometimes 
described  as  a  "bodweighi  effect"  in  the  stick 
itself.  This  character  isiic  was  typically  rated  as 
Level  3  (deficiency  that  requires  improvement) 
although  it  was  rated  as  a  Level  2  characteristic  by 
some  pilots.  Significant  scatter  in  pilot  ratings 
occurred  fur  these  slower  fee!  system 
configurations  since  there  was  an  apparent 
dependency  on  whether  the  feel  system  dynamics 
were  more  noticeable  for  individual  piloting 
technique. 

One  pte- ex  penmen!  hypothesis  was  tuat  a 
slower,  more  sluggish  feel  system  could 
physically  filter  the  pilot’s  control  inputs  and 
hence,  ameliorate  the  poor  up  and  awra^  flying 
qualities  characteristics  of  a  high  roll  damping 
(short  roll  mode  time  constant),  high  roll 
command  authority  configuration.  As  shown  in 
Figure  3  in  a  fence  command  architecture,  the  13 
rad/ sec  feel  system  produ  sd  little  change  in  roll 
flying  qualities  from  the  26  rad/sec  fee!  system 
configuration.  With  an  8  r&rf/scc  teei  system,  a 


significant  degradation  in  flying  qualities  was 
produced  and  "roll  ratchet"  tendencies  were 
exacerbated  rather  than  ameliorated.  In  Figure  4, 
tracking  task  time  histories  for  the  same  aircraft 
configuration  with  different  feel  system  natural 
frequencies  are  compared.  The  tracking  task  was 
compensatory  roll  attitude  tracking  displayed  on 
the  HUD.  The  PIO  or  roll  ratchet  tendencies  with 
the  slow  feel  systems  are  clearly  more 
pronounced.  This  example  illustrates  the 
importance  of  tactile  cuing.  A  decrease  in  fed 
system  frequency,  introduced  in  a  dynamic 
element  outside  of  (parallel  to)  the  direct 
command  path  from  pilot  input  into  the  control 
system,  degraded  handling  in  the  pilot  s  ability  to 
control  roll. 

Using  these  data  and  others,  the  influence  of 
delay  or  high  order  dynamics  in  the  pilot's  tactile 
cuing  was  examined  with  respect  to  the  flying 
qualities  design  and  flying  qualities  specification 
problems.  Specifically,  the  flying  qualities  effects 
of  higher  order  dynamics  or  "equivalent  delay"  in 
the  tactile  cuing  to  the  pilot  were  evaluated  using 
several  position  command  control  system 
configurations  which  exhibited  identical  transfer 
function  characteristics  between  aircraft  roll  rate 
response  and  pilot  stick  force  input.  However, 
these  configurations  were  very  different  in  where 
the  dynamic  elements  or  equivalent  delays  were 
located  throughout  the  control  system.  The  flying 
qualities  results,  summarized  in  Figure  5, 
highlight  important  design  considerations  that  are 
not  always  reflected  properly  by  their  equivalent 
systems  representations.  These  results  also 
highlight  the  uniqueness  of  the  feel  system 
element  in  this  control  system.  For  instance: 

«  The  "baseline"  configuration  exhibited 
Level  2  flying  qualities.  Adequate  or  ever: 
desired  task  performance  could  be  attained 
but  the  roll  response  was  oveily  abrupt  and 
objectionable.  Moderate  pilot 
compensation  was  required  for  desired  or 
adequate  performance  st  Cooper  Hamper 
pilot  ratings  of  5  or  4  were  given  When 
measured  for  a  stick  force  input,  this 
configuration  exhibits  200  msec  of 
equivalent  time  delay  (equal  to  the  Mil  --F - 
R785C  Level  1  upper  limit  for  allowable 
delay). 

*  When  an  8  rati/sec  feel  system  was  useo, 
1/tvel  2  and  l  evel  3  pilot  ratings  were 


given  to  reflect  the  general  degradation  in 
handling  qualities.  Objectionable  stick 
characteristics  predominated  the  ratings  by 
one  pilot  whereas  another  pitot  did  not 
object  to  the  feel  system  change.  The 
equivalent  time  delay  for  this 
configuration  is  220  msec  when  measured 
from  a  stick  force  input  This 
configuration  just  as  the  baseline 
configuration,  exhibits  only  40  msec  of 
equivalent  delay  if  the  transfer  function 
mode'  uses  the  position  signal  as  the  input 
instead  of  the  stick  force  signal. 

*  The  addition  of  110  msec  digital  delay  to 
the  baseline  configuration  created  PIG- 
prone  flying  qualities  characteristics.  The 
abrupt  initial  response  or  the  baseline 
configuration  was  compounded  by  initial 
delay.  Level  3  flying  qualities  ratings 
were  given  accordingly.  This 
configuration  hu  nearly  the  same 
equivalent  delay  from  stick  force  inputs  as 
the  previous  configuration  but  much  more 
delay  when  measured  from  the  stick 
position  input.  Hence,  this  delay  is 
downstream  of  the  pilot's  direct 
perception. 

»  A  fast  fee!  system  combined  with  a 
moderate  prefiiter  lag  (tOpp  =  13  rad/sec) 
provided  some  smoothing  of  the  abrupt 
initial  response  of  the  "baseline" 
configuration.  However,  the  delay  that 
this  fiber  introduces  negates  its  benefits 
and  Level  2/Level  3  ratings  were  given. 
This  configuration  exhibits  the  same 
equivalent  delay  measured  from  either  the 
force  or  position  signal  input  as  the 
previous  configuration  but  the  flying 
qualities  are  very  different. 

*  The  interchange  of  the  feel  system  and 
flight  control  system  dynamics  from  the 
previous  situation  created  PIO  tendencies 
similar  to  the  addition  of  1 1 0  msec  of  pure 
digital  delay.  The  26  rad/sec  prefiiter 
frequency  does  not  attenuate  any  of  tiu; 
configuration  roll  abruptness  yet  it 
introduces  detrimental  phase  Sat?,  or 
"equivalent"  delay  between  the  control 
position  input  and  aircraft  respons  .  The 
13  rad/sec  fed  system  is  on  ihe  edge  of 
being  "transparent"  or  unobtrusive  to  the 
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pilot  control  actions;  nonetheless,  its 
dynamic  response  influence  if  accessible 
to  the  pilot.  These  last  three 
configurations  highlighted  significant 
flying  qualities  differences  yet  identical 
equivalent,  low  order  transfer  functions 
when  the  input  is  defined  as  the  force 
signal. 

As  this  illustration  highlights,  the  "location"  of 
the  various  dynamic  elements  in  the  control  laws 
can  produce  tremendous  flying  qualities 
differences.  Descriptions  of  these  flying  qualities 
effects  using  methods  such  as  the  equivalent 
systems  technique  are  not  necessarily  adequate  to 
define  roll  flying  qualities.  For  flying  qualities 
design  specification,  this  result  produces  a 
dilemma.  MIL-F-878.5C  (Reference  8) 
encouraged  application  of  a  low-order,  equivalent 
system  modeling  technique  to  demonstrate 
compliance  to  this  delay  requirement  but  the  stick 
force  input  was  exclusively  defined  as  the  pilot 
input  for  this  model.  The  update  of  MIL-F- 
8785C,  MIL-3TD- 1 797  (Reference  9), 
recommends  that  the  force  signal  be  used  with  a 
"force"  command  architecture  and  the  "position" 
signal  should  be  used  for  the  input  definition  in  a 
position  command  system  for  equivalent  systems 
modeling.  The  two  alternative  methods  for  flying 
qualities  specification  are  compared  in  Figure  6. 
These  data  were  obtained  in  a  visual,  lateral  offset 
landing  task.  Similar  results  were  obtained  in  the 
up-and-away  tasks,  such  as  those  summarized  in 
Figure  .5.  The  correlation  ot  pilot  rating  data  and 
the  two  proposed  specifications  show: 

•  Using  a  force  input  definition  for 
equivalent  delay  measurement  (Figuie  6a) 
exclusively  as  in  MiL-F-8785C  results  in  a 
conservative  requirement  in  the  sense  that 
better  flying  qualities  ratings  were 
predominantly  given  to  configurations  that 
are  '  predicted'  to  be  worse  than  actual  by 
the  specification  requirement.  The 
primary  source  of  this  discrepancy  is  the 
slower  feel  system  dynamics 
configurations  in  a  position  command 
system  architecture.  These  systems 
exhibit  cornrnensurately  high  equivalent 
time  delays  but  without  a  "significant" 
flying  qualities  penally. 

*  Using  a  force  or  position  input  dcfimtion 
depending  upon  the  control  system 


command  type  (Figure  6b)  as  in  M5L- 
S7TM797,  provides  a  better  correlation  of 
the  "predicted"  and  actual  Level  2  and 
Level  3  configuration  flying  qualities. 
However,  numerous  configurations  are 
"predicted”  *o  be  Level  1  but  in  actuality, 
exhibit  worse  flying  qualities  because  the 
influence  of  the  slowest  feel  systems  on 
flying  qualities  is  rot  accounted  for  in  the 
requirements.  The  requirement  'ocuses 
only  on  delay  introduced  by  the  flight 
control  system. 

Including  and  treating  the  feel  system  m  a 
manner  analogous  to  a  control  system  element, 
such  as  proposed  in  MIL-F-8785C,  is  misleading 
to  a  designer  and  potentially  erroneous  for 
•ecification.  These  data  show  that  the 
.  xessibility"  of  the  feel  system  by  the  pilot  is 
unique.  F/A-18  and  X-.29A  flight  test  data 
substantiate  this  conclusion.  Requirements  or 
design  criteria  for  tactile  cuing  are,  nonetheless, 
required.  For  instance,  in  Reference  14,  a 
technique  to  account  for  the  flying  qualities 
influence  of  the  feel  system  was  proposed  by 
simplisticafly  modeling  the  pilot  neuromuscular 
system.  In  the  analysis,  an  equivalent 
limb/manipulator  dynamic  system  and  hence,  an 
equivalent  time  delay  contribution  was  computed 
and  when  used,  showed  good  correlation  to  MIL- 
F-8785C  allowable  delay  requirements. 

Additional  requirements  for  tactile  cuing  and 
flying  qualities  are  warranted  to  supplement  the 
requirements  of  MIL-STD- 1797.  The  NT-33 
research  was  limited  in  scope,  since  only  second- 
order  feel  system  dynamics  were  evaluated  and 
damping  ratios  were  maintained  at  0.7.  For 
instance,  a  minimum  allowable  natural  frequency 
of  13  rad/sec  could  be  proposed  from  these 
results,  however,  this  may  be  overly  restrictive. 
An  alternative  requirement  is  desirable  because  a 
minimum  frequency  requirement  may  be 
inappropriate.  For  instance  in  Reference  15,  it 
was  concluded  that  considering  only  the  natural 
frequency  and  damping  ratio  of  the  feel  system 
dynamics  results  in  an  adequate  quantification  of 
their  effects  on  handling  qualities.  This  reference 
suggest  that  the  physical  parameters  (inertia, 
damping  and  spring  gradient)  of  the  stick  should 
be  specified  since  they  directly  relate  to  the  forces 
die  pilot  feels.  Forces  for  abrupt  stick  movements 
result  from  inertia,  forces  for  large  rapid 
movements  result  from  damping,  and  forces 
required  to  hold  constant  deflection  result  front 


the  spring  gradient.  Thus,  the  pilot  can  perceive 
the  independent  effects  of  inertia,  damping  and 
spring  gradient. 

Finally,  portions  of  the  NT-33  in-flight 
research  program  were  repeated  in  a  fixed-  based 
ground  simulation  (Reference  16).  The 
comparison  of  these  results  to  the  in-flight 
experiment  vividly  highlight  the  problems  with 
ground-based  simulation  "answers"  for  fighter 
aircraft  flying  qualities,  From  the  ground-based 
simulation  experiment,  the  following  conclusions 
were  drawn: 

*  "Sensitivity  (of  flying  qualities  degrada¬ 
tion)  to  te  (equivalent  time  delay)  de¬ 
creased  as  (roll)  command  gain  increased." 

-  During  the  in-flight  experiment,  the 
sensitivity  of  flying  qualities  degrad 
ation  to  te  decreased  as  roll  com¬ 
mand  gain  decreased 

•  "The  distribution  of  principal  lag  between 
fed  and  command  prefilter  has  essentially 
no  influence  on  flying  quality  rating." 

-  In-fiight,  the  lag  location  s'gni 
ficantly  changed  the  configuration 
handling  qualities. 

Finally,  this  in-flight/ground  simulation  com¬ 
parison  is  further  highlighted  by  considering  that 
the  "baseline”  roll  configuration  was  evaluated  as 
Level  1  in  the  ground  simulation  but  was 
evaluated  in-flight  to  be  Level  3  with  excessive 
roll  acceleration  to  pilot  control  inputs  with  high 
frequency  PIO  (roll  "ratcheting")  tendencies. 

EFFECT  OF  DELAY  DURING 
SIMULATION 

The  vivid  differences  between  ground-based 
simulation  and  in-flight  evaluation  of  lighter 
flying  qualities  have  been  learned  through  aircraft 
developments  and  loose  replications  of  in-flight 
experiments  in  ground-based  simulation  facilities, 
such  as  the  one  discussed  above  (e  g.,  see 
References  16-18).  These  experiences  and 
experiments  highlight  ground  simulation 
deficiencies  but,  because  of  the  many  ddfereno  s 
between  the  ground  and  in-flight  studies,  these 
works  do  not  sufficiently  pinpoint  tin’'  pilot 
vehicle  dynamic  system  differences.  To  help 


focus  >5?'S  nmicr*  land  fog  an  extensive  in-flight 
and  ground  sitnuiarior,  studv  v.  as  performed  m,ng 
the  NT-33  as  a  flight  vehicle  and  also  & s  a  ground 
simulator  cab  In  this  way,  the  cockpit 
environment,  feet  system,  and  field  of- view  were 
duplicated  for  both  a  fixed-based,  no-motion 
ground  simulation  and  in  a.  fid.1- -motion,  in-flight 
simulation.  Also,  by  .simulating  instrument 
mclcorologictu  conditions  *»•<}  using  the  head-up 
display  for  evaluation  tusk  generation,  the  visual 
cues  were  plicated  between  ground  simulation 
and  flight.  Consequently,  ‘.he  vest  majority  of  the. 
piiot- vehicle  dynamic  system;  elements  were 
duplicated  Time  delay  war.  introduced  into  the 
two  simulation  condition?  to  investigate  its 
influence  on  flying  qualme  and  simulation 
fide’ity  with  and  without  ino&n  •  rves. 

For  tin?  program,  a  broad-bs.se/*  experimental 
approach  was  used.  The  NT-3?  simulated  four 
generic  aircraft  'Types"  ranging  from  a  highly 
responsive,  fighter  configuration  to  a  less 
responsive,  transport  aircraft  configuration. 
Evaluation  i?srrs  were  fashioned  in  concert  wish 
the  aircraft  type  and  hypothetical  missions.  The 
results  of  the  figh»er  aircraft  evaluations  are 
presented  here  while  details  of  the  experiment 
and  the  results  (or  the  othei  aircraft  evaluations 
aie  contained  in  Reference  .19. 

Ti  e  fighter  aircraft  characteristics  were 
designed  to  be  highly  agile  yet,  to  produce  Level  1 
flying  qualities  ir>  the  in  flight  environment  with 
no  control  system  delay  added  experimentally. 
The  lateral  directional  characteristics  of  the 
configuration  were  tailored  to  be  good  and 
unobtrusive;  thus,  "feci  on-the  floor"  roll 
maneuvers  could  be  performed.  This  allowed  the 
pilot  to  concentrate  on  pitch  and  roi*  wontiol 
without  objectionable  yaw  or  sideslip.  The 
centers.ick  feel  system  dynamic  characteristics 
were;  of  itign  irequer.c;  vuh  a  force  commanu 
control  system  architecture  in  both  pitch  and  troll. 

The  experimental  set-up  is  sketched  in  the. 
schematic  diagram  cf  Figure  7,  The  simulated 
control  system  was  identical  foe  both  the  in-flight 
and  ground-based  simulations.  P;tre  digital  delay 
was  added  experimentally.  The  "baseline" 
condition  included  no  added  delay  (t  =  C  msec). 
Delay  effects  were  evaluated  ;n  both  pitch  and  roll 
flying  qualities  with  equal  amour  L  of  delay  added 
in  both  control  axes  simultaneously. 
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"/.lit;  fired-  based  ground  simulation  capability 
was  provided  by  appropriate  interfaces  to  die  NT- 
33A  aircraft.  the  ground  simulation  utilises  the 
aciual  iiircraf  hardware  and  cockpit  with  the 
exception  that  the  NT-33A  motion  responses  art; 
computed  by  a  real-time  computer  simulation  and 
are  interfaced  into  the  fly-by-wire  flight  control 
system  tbtot  gh  the  NT- 33 A  sensor  system.  Tims, 
the  ground-based  NT- 13 A  simulation  system  is 
operated  the.  same  as  it  is  in  flight,  with  the 
exception  of  aircraft  motion.  The  real-time 
computer  imulation  operated  at  an  80  hi  update 
rate.  In  Table  I,  the  pitch  (8)  and  roll  attitude  (<j>) 
transfer  functions  are  shone  for  both  the  "HUD- 
dlsplayed"  (i.e.,  visual  states)  and  the  "motion" 
states.  Naturally,  the  motion  response  states  were 
only  available  as  £  piloting  cue  in  the  in-flighl 
simulation.  The  other  motion  state  transfer 
functions  are  not  shown  in  IVble  I  as  they  follow 
naturally  from  the  tabulated  transfer  functions. 
Equivalent  systems  transfer  functions  are  used  to 
simply  represent  the  configuration  response. 
Nonetheless,  the  models  are  good  approximations. 
The  55  msec  equivalent  delay  from  pilot  sticV 
input  to  the  motion  state  response  occurs  from  the 
phase  lags  produced  by  necessary  high  order 
control  system  filters  and  control  turf ace 
actuators.  The  attitude  response  displayed  on  the 
HUD  lags  the  motion  response  by  45  msec  due  to 
the  sensor,  signal  conditioning,  and  Gigital  display 
processing  components.  Hence,  a  total  of  100 
msec  equivalent  deit  y  exists  between  pilot  stick 
force  input  and  HUD-disp!ayeri  attitude  response, 
rii  the  ground  simulation,  the  same  equivalent 
delay  of  100  msec  'recurs  between  pilot  stick  input 
force  and  HUD  attitude  response. 

f  he  head -up  display  was  programmed  tc 
generate  the  piloting  evaluation  tasks  Instrument 
meteorological  conditions  (IMC)  were  simulated 
using  a  blne/amber  vision  restriction  system  to 
limit  the.  visual  cues  available  to  the  pilot.  The 
evaluation  tasks  were  thus  repeatable,  known 
quantities  that  ecu  Id  easily  be  replicated  in  ground 
siroulsticn.  The  instantaneous  field- of -view 
(FOV)  of  the  HUD  and  hence,  the  total  visual 
FOV  available  to  the  pilot  for  task  cuing  was 
approximately  20  degr~.es.  Airspeed  control  was 
maintained  bv  the  rear  seat  safety  pilot  so  that  the 
evaluation  pilot  could  concentrate  on  pitch  and 
roll  control. 

In  this  re. -up,  the  visual  evaluation  task  in¬ 
flight  and  in  ground  simulation  is  identical. 


Consequently,  the  primary  difference  between  the 
in-flight  and  ground  simulation  i;»  the  absence  of 
motion  cuing  although,  to  the  evaluation  pflots, 
other  differences  also  exist,  such  as  die  absence  of 
aural  cues  and  High,  stresses.  The  ir.  flight  and 
ground -bascu  simulations  were  mechanized  such 
dial  the  equivalent  time  deln.y  between  the  cockpit: 
control  input  and  the  HUD  (visual)  attitude 
response  was  identical  during  in-flight  or  ground- 
based  simulation.  vViflsout  any  experimentally 
added  delay,  this  was  a  constant  IOC  msec. 
During  in-flight  simulation,  the  visual  (HUD) 
response  lagged  the  motion  response  by  45  msec 
equivalent  delay. 

Three  types  of  HUD-displayed  evaluation 
tasks  were  used  for  /his  experiment.  The  format 
of  the  HUD  and  the  computer-generated  tracking 
task  are  presented  in  Figure  8.  The  primary 
evaluation  task  was  step-and  ramp  compensau 
tracking  of  pitch  and  roll  attitude  display  on  v 
HIJD.  This  "discrete"  tracking  tax  is  shown 
Figure  9  where  the  command  b  rr  moved  in 
series  of  attitude  commands  in  both  pitch  and  roll 
to  lead  the  pilot  through  a  coordinated 
maneuvering  flight  profile.  In  addition,  com 
pensatory  attitude  tracking  tasks  were  also 
performed  using  a  psuedo-random  sum-of-sincs 
generated  command  Three  engineering  test  pitots 
served  as  the  initial  evaluation  subjects  akhou, 
their  results  were  substantiated  by  data  from  eigi 
additional  engineering  test  pflots. 

The  influence  of  delay  on  situ;  later  cf 
lectiveness  and  fly  tog  qualities  can  be  “i  'ear-.mto” 
by  piiot  ratings.  I  sing  the  Cooper-Harper  pitot 
rating  (PR)  scale  (Reference  10),  level  1  flying 
qualities  are  penned  as  being  satisfactor  y  without 
improvement  with  pilot  compensation  not.  i  h-  o 
(PR  •>'  3.5);  conversely,  usvel  2  flyine  qualities 
exhibit  deficiencies  which  warrant  in  >  ions 
Piiot  compensation  is,  at  least,  moderate  -w  *  ; 

vehicle  performance  is  adequate  or  desired  at  vest 
(3.5  <  PR  <  6.5).  The  maximum  tolerabS  riek’v 
introduced  in  a  simulation  can  be  deduce  t 
maximum  delay  before  which  flying  qua*  ics 
degrade  to  Level  2  (given  that  Level  1  flying 
qualities  existed  without  added  delay).  In  to  it  in 
this  rating  difference  is  a  change  in  pilot  <  >1 

strategy,  behavior,  and/or  workload.  The  otter 
specific  , simulation  effectiveness  measure, 
transfer  of-training,  was  nor  addressed  in  this 
experiment. 
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In  Figure  i(),  the  effects  of  time  delay  on 
fighter  aircraft  flying  qualities  are  shown  during 
full-motion,  in-flight  simulation  and  during  no- 
motion,  ground-based  simulation.  Flying  qualities 
arc  shewn  using  averaged  Cooper  Harper  pilot 
ratings,  and  the  extreme  ratings  that  were  given 
for  eacn  configuration.  The  in-flight  data  are 
plotted  in  wo  ways.  In  one  case,  the  equivalent 
time  delay  was  measured  from  the  pilot  stick  force 
input  to  the  HUD  display  response  (i.e.,  the 
“visual  delay”).  In  the  other  case,  the  delay  was 
measured  from  the  same  stick  input  but  only  to 
the  aircraft  motion  response  (i.e.,  the  “motion 
delay”).  The  motion  response  lead  the  visual 
response  by  45  msec.  Of  course,  no  motion  cues 
were  available  to  the  pilot  in  the  ground 
simulation. 

The  data  of  Figure  10  indicates  the  following: 

•  As  control  system  time  delay  was  intro¬ 
duced,  the  flying  qualities  of  the  in-flight 
simulated  aircraft  degraded  at  a  rate  of 
approximately  1  PR  unit  for  each  30  msec 
of  delay  added  above  a  130  msec  thres¬ 
hold.  This  trend  is  based  on  close  com¬ 
parison  to  the  data  of  Reference  1  using 
the  '  motion  delay"  values.  Pilot  com¬ 
ments  support  the  pilot  rating  trends,  that 
is,  as  the  delay  was  increased  beyond  130 
msec,  PIO  tendencies  became  more 
prevalent  and  overshoots  in  target  tracking 
were  more  pronounced.  Good  correlation 
of  the  in-flight  pilot  rating  data  using  the 
"motion"  delay  substantiates  the  impor¬ 
tance  of  the  motion  cuing  influence  and 
the  effects  of  time  delay. 

•  During  no-motion,  ground-based  simula¬ 
tion,  the  lowest  simulated  delay  config¬ 
uration  was  judged  as  being  Level  2.  Only 
adequate  tracking  performance  could  be 
attained  although  sometimes  desired  per¬ 
formance  was  obtained  but  with  moderate 
or  considerable  pilot  compensation.  As 
delay  was  added  experimentally,  flying 
qualities  degraded  but  at  less  severity  than 
that  demonstrated  in-flight.  The  in-flight/- 
ground  simulation  differences  were  pri¬ 
marily  attributed  to  the  different  cuing 
environments. 
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Tracking  performance  and  hence,  flying  quali 
tics  in  the  no-motion  ground  simulation  were  poor 
in  comparison  to  the  identical  configuration 
simulated  in-flight.  The  lack  of  motion  cues 
changed  the  pilot- vehicle  dynamic  system  to  such 
a  degree  that  hobbling  tendencies  and  an  inability 
to  steadily  track  the  target  occurred  even  with  the 
lowest  values  of  time  delay.  Tracking  problems 
were  most  evident  during  gross  acquisition 
maneuvers.  For  large  amplitude  maneu  vers,  the. 
lack  of  "g-cuing"  was  felt  by  the  pilots  to 
deteriorate  their  ability  to  judge  target  closure 
rates.  In  Figure  11,  two  time  histories  of  step- 
and-ramp  HUD  tracking  task  are  overlaid  for  the 
identical  configuration  and  evaluation  pilot.  This 
configuration  only  exhibited  100  msec  delay 
between  stick  input  and  HUD,  "visual"  response. 
The  different  motion  cues,  however,  are  clearly 
affecting  tracking  performance.  In  the  fixed- 
based  simulation,  significant  pitch  bobble  is 
evident  and  tremendous  "over-g"  is  being 
commanded  by  the  pilot.  In-flight,  this 
configuration  was  rated  as  a  3  whereas,  in  the 
ground-simulation,  a  pilot  rating  of  5  was  given. 

In  this  program,  very  good  consistency  in  pilot 
rating  data  were  achieved  both  withir.-subjects 
and  across-subjeots.  Pilot  ravings,  of  course, 
reflect  pilot-vehicle  performance  and  the  attendant 
pilot  compensation  or  workload  to  achieve  that 
performance  The  consistency  in  pilot  rating  data 
is  remarkable  particularly  when  considering  the 
fairly  significant  differences  in  pilot  control 
techniques  and  tracking  performance.  For 
example,  tracking  statistics  from  the  step-and- 
ramp  HUD  tracking  task  are  shown  in  Figure  12 
for  three  values  of  control  system  time  delay 
during  in-flight  simulation.  The  statistics  are  the 
"time-on-target"  (the  cumulative  time  that  the 
pitch  tracking  error  was  less  than  5  mils)  and  the 
normalized  root -mean-squared  (rrris)  pitch 
tracking  error. 

Pilot  A  demonstrated  the  best  performance 
(i.e.,  highest  time-on-target  and  lowest  normalized 
error)  with  the  lowest  delay  configuration.  As 
delay  was  added,  his  tracking  performance 
degraded.  The  closed-loop  tracking  performance 
by  Pilot  B  exhibited  a  similar  degradation  but 
overall  his  performance  was  not  as  good  as  Pilot 
A.  On  the  other  hand,  Pilot  C  with  the  lowest 
delay  configuration.was  not  as  precise  as  Pilot  A, 
but  Pilot  C  was  extraordinarily  adaptative,  in  that, 
as  delay  was  increased  his  pilot  vehicle 
performance  remained  essentially  constant.  The 
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pilot  rating  data,  despite  these  tracking 
performance  differences,  were  very  consistent 
between  each  subject. 

Without  motion  cuing,  degradation  in  tracking 
performance  occurred  and  consistency  in  tracking 
performance  and  flying  qualities  (i.c.,  pilot 
ratings)  could  not  be  maintained.  For  instance, 
the  HUD  tracking  task  statistics  for  the  same 
configuration  as  previously  shown  are  presented 
in  the  ground  simulation  environment  in  Figure 
13.  The  normalized  rms  error,  which  could  be 
related  to  pitch  hobbling  or  PIG  tendencies,  was 
consistently  higher  in  ail  cases  of  ground 
simulation  than  for  in-flight  simulation. 
Inconsistencies  in  performance  as  control  system 
delay  was  added  occurred  frequently.  For 
example,  Pilot  B  achieved  an  increase  in  time-on- 
target  and  a  reduction  in  normalized  tracking  error 
in  one  case  with  280  msec  of  control  system 
delay  compared  to  just  190  msec  of  delay. 

Measurement  of  the  tracking  performance 
degradation  with  increased  control  system  delay 
was  also  made  during  the  sum-of-sines  command 
backing  tasks.  The  normalize  pitch  and  roll  rms 
tracking  errors  are  presented  in  Figure  14.  The 
sum-of-sines  tasks  were  not  demanding  flying 
qualities  evaluation  "tasks"  but  they  provided 
good  data  from  which  to  analyze  pilot  control 
action  during  random,  small  amplitude  tracking. 
The  data  in  Figure  14  shows  fairly  consistent 
degradation  in  tracking  performance  as  delay  is 
increased.  Motion  cuing  effects  (i.e.,  the 
difference  between  the  in-flight  and  ground 
simulation  environments)  produced  an  almost 
constant,  tracking  error  performance  difference  at 
each  value  of  control  system  delay.  Unlike  the 
pilot  rating  data  for  increasing  control  system 
delay,  the  rate  of  change  of  the  sum-of-sines 
tracking  error  with  respect  to  the  delay  did  not 
change  when  the  motion  cues  were  deleted.  The 
standard  deviation  measures,  particularly  for  the 
roll  tracking  task,  are  fairly  large  and  reflect  the 
aforementioned  differences  in  individual  piloting 
performance. 

EFFECT  OF  DISPLAY  SYSTEM  DELAY  ON 
FIGHTER  FLYING  QUALITIES 

The  role  of  the  head-up  display  in  fighter 
aircraft  has  increased  tremendously  in  recent 
years.  Night  and  adverse  weather  mission  rely 
significantly  on  information  provided  to  the  pilot 
for  navigation  and  situational  awareness.  This 


reliance  is  certainly  not  going  to  subside  but  will 
undoubtedly  increase.  Since  flight  in  this  scenario 
is  conducted  primarily  with  visual  reference  to  the 
HUD,  the  display  system  dynamic  response  may 
be  critical  to  flying  qualities.  The  current  U.S. 
Military  standards  do  not  address  temporal 
response  requirements  (Reference  20)  and 
applicable  research  has  been  primarily  limited  to 
V/STOL  aircraft  and  their  intended  missions 
(Reference  21).  Consequently,  a  research 
program  was  conducted  using  the  USAF  NT-33 
variable  stability  aircraft  and  its  programmable 
head-up  display. 

The  HUD  was  used  as  the  primary  flight 
instrument  reference  in  both  visual  (VMC)  and 
instrument  meteorological  conditions  (IMC)  tasks. 
Instrument  meteorological  conditions  were 
simulated  using  a  "blue/arnber”  system.  A  display 
format  similar  to  that  of  the  F/A-18  aircraft  was 
used  exclusively.  The  format,  symbology,  and 
content  of  the  HUD  are  important  factors  that 
affect  the  pilot's  ability  (speed  and  accuracy)  to 
process  displayed  information;  however,  these 
were  not  evaluated  because  the  intent  of  the 
program  was  to  determine  what  influence  the 
temporal  distortion  of  the  display  information  had 
on  pilot-vehicle  performance  and  pilot  workload 
(i.e.,  flying  qualities).  Both  up-and-away  and 
power  approach  tasks  were  investigated.  In  the 
power  approach  task,  a  conformal  runway  display 
symbology  was  drawn  for  landing  guidance, 
analogous  to  the  display  system  developed  by 
Gilbert  Klopfstcin  (Reference  22).  Details  of  the 
program  are  contained  in  Reference  23. 

The  schematic  diagram  of  Figure  15  outlines 
the  experimental  variation.  The  aircraft  flight 
control  was  designed  for  good  flying  qualities 
characteristics.  The  equivalent  delay  between 
stick  force  input  and  aircraft  motion  response  was 
80  msec.  (In  the  position  command  control 
system  architecture,  50  msec  of  that  delay  was 
due  to  the  centerstick  feel  system  dynamics.)  The 
aircraft  "motion"  response  from  stick  input 
commands  remained  unchanged  in  this  evaluation 
of  display  system  delay  effects. 

An  irreducible  delay  of  65  msec  was 
contained  in  the  display  system  response 
characteristics.  This  delay  is  an  equivalent  delay 
composed  of  analog  dynamic  elements  (such  as 
sensors,  signal  conditioning  filters)  and  digital 
processing  demerits  (analog  anti-aliasing  filters, 
sampling  delays,  computational  time  delay)  Pure 


maneuvers  that  had  clearly  defined  attitude 
or  flight  path  performance  "end  points." 


digital  delay  was  added  on  top  of  the  65  msec 
irreducible  delay,  rather  than  sampling  effects, 
under  the  assumption  that  multiple  processors  in  a 
"pipeline"  architecture  would  more  likely  be  used 
than  one  processor  running  at  a  reduced  sample 
rate.  The  delay  was  introduced  into  the  HUD 
input  signal?  uniformly. 

A  variety  of  up-sr.d-away  evaluation  tasks 
were  flown  including  simulated  gun  tracking 
using  a  HUD-programmed  pitch-smd-roii  tracking 
(identical  task  to  that  shown  in  Figure  9) 
simulated  air-to-ground  weapons  delivery,  and 
acrobatic  maneuvers.  The  power  approach  task 
was  art  IMC  approach  starting  on  downwind  and 
concluding  with  a  50  to  200  ft  (15  to  60  m) 
breakout  for  a  visual  landing. 

Pilot  rating  data  are  showi  as  a  function  of  the 
display  time  d< day  in  Figure  16  for  the  up-and- 
away  tasks.  Averaged  pilot  ratings  and  standard 
deviations  were  calculated  and  are  used  to 
illustrate  flying  qualities.  A  trend  line  is  drawn 
showing  an  estimate  of  the  flying  qualities 
degradation  w»th  display  time  delay  based  on  a 
least-squares  fit  to  the  raw  rating  data. 

For  the  up-and-away  configurations,  the  pilot 
rating  and  comment  data  indicated  the  following. 

1)  As  the  computational  delay  for  head-up 
display  processing  increased,  flying 
qualities  reflected  by  the  Cooper-Harper 
p:lot  ratings  (PR)  were  essentially 
unaffected  until  after  250  msec  of 
equivalent  "display  system"  delay.  Some 
degradation  occurred  below  250  msec  of 
delay  but  the  degradation  was  not 
dramatic.  Flying  qualities  degraded 
markedly  beyond  the  250  msec  display 
delay  value.  Level  3  ratings  (PR  >  6.5) 
were  given  for  385  msec  of  display  delay. 

2)  The  overall  task  ratings  were  primarily 
based  on  the  pilot  compensation/workioad 
and  task  performance  in  the  simulated  air- 
to-air  gun  tracking.  To  a  ’esser  degree,  the 
ratings  were  also  bt  red  on  the  subjective 
opinion  as  to  the  degree  by  which  the 
display  characteristics  were  deficient.  As 
display  time  delay  increased,  "bounce"  in 
the  pitch  Sadder  and  lag  in  the  flight-path 
marker  became  more  noticeable.  These 
deficiencies  were  noticed  primarily  during 
precise  control  maneuvers  or  those 


3)  The  added  pure  delay  in  the  head- up 
display  did  not  significantly  affect 
performance  or  flying  qualities  for  the 
large-amplitude  maneuvering  tasks 
(modified  eloverleaf  and  pop-up  weapons 
delivery).  Because  precise  and  aggressive 
pilot  control  was  not  required  in  these 
tasks,  the  effect  of  display  time  delay  was 
relatively  transparent  to  the  pilot,  except 
for  pitch  Sadder  hobbling  and  flight-path 
marker  lag  at  the  "end  points"  of  these 
maneuvers. 

4)  Control  was  not  in  question  for  any  of  the 
configurations.  Thus,  the  pilot  rating 
range  was  essentially  limited  to  a 
maximum  of  7.  Added  display  time  delay, 
unlike  added  control  system  time  delay, 
did  not  evoke  pilot-vehicle  dynamic 
system  instabilities. 

These  results  suggest  that  flying  qualities  are 
not  significantly  affected  until  250  ms  delay  exists 
in  the  display  system.  This  delay  is  in  addition  to 
the  80  msec  of  delay  between  the  cockpit  control 
input  and  aircraft  motion  response.  The  80  msec 
"motion"  delay  was  held  constant  and  is  below  the 
Level  1  MJL-F-8785C  or  MIL-STD-1797 
allowable  control  system  delay  requirements. 

The  pilot  rating  data  for  the  power  appror  h 
task  are  shown  in  Figure  17  a  Fraction  of 
display  time  delay.  Averaged  pilot  ratings  are 
plotted  with  standard  deviations  about  the  mean 
illustrating  the  rating  trends.  A  trend  line  is  drawn 
based  on  these  data.  These  data  indicate  the 
following: 

J)  As  display  system  delay  was  added,  flying 
qualities  degraded  after  300  msec  of 
display  time  delay,  as  indicated  by  the 
rating  data  The  averaged  pilot  rating 
below  300  msec  of  display  time  delay  was 
essentially  Level  1  (PR  <  3,5). 

2)  The  degradation  of  flying  qualities  with 
display  time  delay  was  less  severe  in 
power  approach  than  up-and-av/ay  flight. 
The  pilot  comments  indicate  that  tl*e  pilot 
ratings  were  primarily  determined  by  the 
pilot  workload  demands  as  display  time 
delay  increased.  Added  display  delay 


amplified  the  "bouxicing"  and  "wobbling" 
of  the  contact  analog  runway  projection, 
thus,  increasing  the  pilot  workload  to  keep 
the  display  centered  and  to  maintain  the 
approach  course. 

The  influence  of  the  evaluation  task  is  evident 
in  both  the  power  approach  and  up-and-away  task 
data.  'Hie  power  approach  evaluation  task  was  the 
instrument  approach  with  a  visual  landing  made 
after  instrument  breakout.  The  visual  delay 
experiment  was,  in  actuality,  only  evaluated  in  the 
IMC  approach  phase.  After  IMC  breakout,  a 
visual  landing  was  made  without  significant 
reference  to  the  HUD.  In  Reference  3,  it  was 
noted  that  the  effects  of  added  (motion)  delay 
were  most  dramatic  in  the  final  50  ft  (15m)  to 
landing  when  the  pilot's  control  task  becomes 
critical  (high  stress).  In  this  power  approach  task, 
the  effects  of  delay  added  to  the  display  were 
evaluated  only  on  the  relatively  benign  approach 
course  flight  task  to  breakout.  Consequently,  the 
flying  qualities  degradation  with  display  delay 
would  not  be  expected  to  be  as  severe  as  a  more 
demanding  task.  Similar  conclusions  could  be 
drawn  from  the  up-and-away  task. 

Turbulence  was  another  factor  that  was 
significant  but  it  could  not  be  experimentally 
controlled.  In  up-and-away  flight  tasks,  tur¬ 
bulence  was  not  typically  encountered.  In  power 
approach  tasks,  turbulence  was  sometimes  en- 
eoun:  er  and  turbulence  produced  a  significant 
degradation  in  flying  qualities  when  the  display 
delay  was  greater  than  100  msec.  The  pilot 
ratings  that  were  influenced  by  turbulence  are  not 
shown  in  Figure  17.  In  turbulence,  the  tem¬ 
porally-delayed  display  characteristics  created  sig¬ 
nificant  pilot  workload  for  c  <mpensation  and  ob¬ 
jections  by  the  pilot  regarding  the  continual 
hobbling  of  the  display.  Turbulence  affects  will 
likely  reduce  the  amount  of  display  delay  that  is 
acceptable  based  on  flying  qualities.  Unfor¬ 
tunately,  sufficient  data  were  not  gathered  to 
demonstrate  this  result  conclusively,. 

The  apparent  250  msec  threshold  in  allowable 
display  system  time  delay  for  the  up  and  away 
evaluations  and  300  m&ec  in  power  approach  tasks 
seemingly  contrasts  with  the  previous  works  from 
which  the  100  msec  MIL-F-8785C  and  MIL-STD- 
1797  time  delay  requirements  evolved.  Control 
system  time  delay  has  been  shown  to  significantly 
impact  the  pilot-vehicle  dynamic  system.  Flying 
qualities  have  been  demonstrated  to  degrade  from 


l^cvel  1  to  Level  2  by  100-150  msec  of  control 
system  rime  delay  with  pilot-vehicle  instabilities 
occurring  from  250  msec  delay.  Much  larger 
delays  were  tolerated  in  this  program  when  delay 
was  added  to  the  display  system.  The  significant 
difference  between  control  system  and  display 
system  time  delay  effects  can  be  demonstrated  by 
examining  the  pilot-vehicle  dynamic  system. 

The  results  of  this  experiment  indicate  that 
with  constant  1-evel  1  motion  flying  qualities,  a 
substantial  threshold  exists  where  added  visual 
delay  does  not  affect  flying  qualities.  It  couid  be 
deduced  because  of  the  different  flying  qualities 
effects  between  control  system  delay  and  display 
system  delay  that  the  pilot,  as  the  closed-loop 
controller  in  the  pilot-vehicle  dynamic  system, 
was  either  unaffected  by  the  visual  delay,  or  he 
could  easily  compensate  (without  workload  or 
performance  penalty)  for  its  influences.  From  a 
physiological  viewpoint  (Reference  24),  it  could 
be  logically  defended  that  the  visual  cue  feedback 
to  the  pilot  was  not  a  critical  cue  in  task 
performance  in  the  presence  of  a  visual  delay. 
Since  time  delay  adds  deleterious  phase  lag 
proportionally  to  frequency,  the  high-frequency 
spectrum  of  the  cue  feedback  to  pilot  would  be 
most  influenced  by  delay.  However,  the  visual 
senses  ate  primarily  used  during  piloting  tasks  for 
lew-frequency  cuing  or  steady- state  reference. 
Conversely,  the  motion  response  primarily 
provides  the  high  frequency  response  cue  such  as 
onset  or  acceleration  cuing.  The  pilot  blends  the 
motion  and  visual  senses,  in  a  complementary 
fashion,  to  provide  a  full-fidelity,  broad-banded 
frequency  response  estimate  of  the  aircraft  states. 
Hence,  significantly  greater  time  delays  in  the 
visual  feedback  would  be  required  to  affect  the 
low  frequency  visual  cue  feedback  than  the  delay 
permitted  in  the  high  frequency  motion  feedback 
due  to  the  physiological  nature  of  the  human  pilot. 
This  was  shown  experimentally.  Motion  cue 
effects  must,  therefore,  always  be  referenced  in 
assessing  the  influence  of  display  system 
dynamics. 

CONCLUDING  REMARKS 

The  influence  of  delay  outside  of  the  control 
system  but  within  the  perceptual  cuing 
environment  of  the  fighter  pilot  can  significantly 
affect  flying  qualities.  The  influence  is,  however, 
difierent  than  the  effects  due  to  control  system 
delay  The  pilot-vehicle  dynamic  system  provides 
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the  necessary  framework  from  which  these 
influences  can  be  understood. 

Directly  and  indirectly,  the  results  summarized 
here  imply  that  (notion  cues  are  a  critical 
component  in  determining  the  flying  qualities 
influence  of  the  delay  and  in  why  control  system 
delay  effects  are  a  clearly  detrimental  flying 
qualities  factor.  Centro!  system  delay  equally  lags 
both  morion  and  visual  cue  feedbacks  to  the  pilot. 
The  flying  qualities  degradation  with  control 
system  delay  (i.e.,  delay  in  both  the  visual  ant! 
motion  cuing)  was  shown  to  be  approximately  1.0 
PR  unit  per  30  msec  of  delay  after  a  threshold  of 
130  msec  (Figure  10).  In  the  evaluation  of  display 
system  rime  delay,  flying  qualities  are  not 
influenced  by  delay  in  the  visual  cue  feedback 
path  until  over  250  msec  of  visual  delay  is  added 
(Figure  16).  Morion  cues  were  present  in  this  case 
but  they  were  unaffected  by  the  experimental 
addition  of  delay.  In  a  no-motion,  ground-based 
simulation,  flying  qualities  degrade  at  less  than  1 
PR  unit  per  100  msec  of  added  delay  in  the  visual 
cue  feedback.  In  this  case,  the  visual  cue  was 
essentially  the  only  aircraft  response  feedback  to 
the  pilot.  These  data  suggest  that  if  the  motion 
cues  are  absent  or  unaffected  by  the  delay,  the 
effect  of  the  delay  on  flying  qualities  will  be  less 
detrimental  than  that  show  s  in  flight  for  control 
system  time  delay  effects.  For  the  HUD-visual 
delay  in  flight  and  the  ground  simulation  delay 
evaluations,  the  motion  cues  were  unaffected  by 
the  delay  or  the  motion  cues  were  absent, 
respectively. 

An  explanation  for  the  less  severe  degradation 
in  flying  qualities  with  visual-only  delay  has  a 
basis  in  human  physiology.  Delay  in  the  visual 
cue  is  not  as  deleterious  as  motion  cuing  delay 
since  the  pilot  does  not  physiologically  rely  on  the 
visual  cue  feedback  predominantly  for  high 
frequency  cues.  Visual  cuing  for  the  pilot 
primarily  provides  low  frequency,  steady-state 
situational  cues,  not  high  frequency  acceleration 
or  response  onset  cues.  The  effect  of  time  delay  is 
to  introduce  phase  lag  proportionally  to  frequency 
arid  distort  the  response  onset  cues.  Thus,  sig¬ 
nificantly  more  delay  is  required  in  the  low'  fre¬ 
quency,  visual  cue  feedback  than  in  the  high 
frequency,  motion  cue  feedback  to  produce  equal 
amounts  of  phase  distortion  sn  their  respective 
cues.  Consequently,  smaller  valises  of  delay  in  the 
motion  cue  will  produce  greater  flying  qualities 
degradation  than  that  same  delay  added  to  visual 
cues. 


Similarly,  delay  or  high  order  dynamics  in  the 
fighter  pilot's  tactile  cuing  may  significantly 
influence  flying  qualities  but  the  analysis  is 
different  than  a  control  system  element.  The 
tactile  cuing  evaluations  investigated  variations  in 
the  natural  frequency  of  the  second-order  fed 
system  dynamic  system.  The  same  dynamic 
dements,  when  placed  in  the  control  system, 
produced  different  flying  qualities  effects  since 
the  pilot  has  "perceptual  access'  to  both  the  input 
(force)  and  output  (position)  of  the  tactile  feel 
system  cue  and  the  dynamics  of  the  feel  system. 
Time  delay  criteria  and  equivalent  systems 
modeling  cannot  be  used  blindly  and  without 
regard  to  the  location  of  the  dynamic  element 
since  these  play  critical  ro'ies  in  the  definition  of  a 
vehicle's  flying  qualities. 
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Figure  15  Schematic  Diagram  for  Experimental  Evaluation  of  Display  System  Delay  Effects 
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SUMMARY 

The  dynamic  behavior  of  pilots 
engaged  in  closed- loop,  full-attention 
piloting  can  be  estimated  with  some 
confidence  using  either  the  well-known 
"Crossover  Model  "  a  structural-iso- 
rvorphic  Model,  or  an  algorithmic 
(optimal  control)  model.  Dati  and 
interpretations  of  the  analyses  made 
with  these  models  can  also  be  factors 
In  the  estimation  of  pilot  ratings. 
In  one  technique  a  pseudo-pilot  com¬ 
mentary  in  technical  terms  is  devel¬ 
oped  employing  results  obtained  from 
analysis  with  the  classical  models 
which  is  then  converted  to  a  pilot 
rating  estimate  for  each  axis  of  con¬ 
trol.  Ratings  for  multi -axis  control 
are  then  determined  with  a  special 
multiplicative  rule,  which  has 
recently  been  validated  with  compre¬ 
hensive  multi-axis  pilot  dynamic  meas¬ 
urements.  While  the  algorithmic  model 
results  can  be  used  in  a  similar  way, 
ic  can  also  sometimes  deliver  pilot 
rating  estimates  directly.  When  suit¬ 
able  pilot-rating  calibration  data  are 
available,  the  performance  index  which 
the  OCM  minimizes  can  be  used  to 
accuutpiish  these  estimates.  Both  the 
classical  and  algorithmic  models  are 
now  suitable  for  application  to  deli¬ 
ver  wultiaxis  rating  pilot  rating 
estimates . 

INTRODUCTION 

Flying  qualities  and  piloting 
considerations  have  always  been  cent¬ 
ral  Issues  in  maimed  aircraft.  The 
development  of  understanding  and 
appreciation  of  flying  qualities  has 
relied  on  combinations  of  experiment 
and  analysis  in  which  the  most  impor¬ 
tant  "metrics"  have  been  subjective 
assessments  and  comments  For 
undemanding  task  combination  *  iese 


measures  can  be  almost  delphically 
obscure  and  poor  descrlminators .  For¬ 
tunately,  many  piloting  tasks  crit¬ 
ical  to  flying  qualities  are  closed- 
loop  in  that  the  pilot's  behavior  is 
both  constrained  by  the  vehicle  and 
task-centered  dynamics,  and  condi¬ 
tioned  on  the  aircraft's  state  rela¬ 
tive  to  a  desired  condition.  For 
these  tasks  closer  connections  between 
dynamic  behavior  and  subjective  asses¬ 
sments  are  possible . 

A  major  part  of  the  analysis 
activities  in  the  flying  qualities  art 
has  been  focused  on  control  theory 
applications  of  pilot  models  which 
intrinsically  summarize  and  charac¬ 
terize  vast  amounts  of  experimental 
data.  These  models  serve  as  the  math¬ 
ematical  attornies  in  what  are,  in 
many  ways,  typical  applications  of 
controls  analyses  akin  to  those  on- 
ducted  for  automatic  systems.  But 
there  are  uniquely  human  attributes 
that  must  be  embodied  in  the  models. 
The  most  important  by  far.  is  the  enor¬ 
mously  adaptive  character  of  the  human 
as  e  controller.  Many  inodes  of  adap¬ 
tive  and  plastic  behavior  are  pos¬ 
sible;  most  are  wei 1  -  recognized  and 
understood,  and  can  be  represented 
with  appropriate  ssodels  (see  e.g., 
Ref.  1).  Another  unique  attribute  is 
the  seif- assessment  capability  inher¬ 
ent  > a  the  overall  system  -  the 
pi  lot's  role  as  a  vocal  as  well  as  an 
adaptive  controller.  In  well -designed 
flying  qualities  experiments  pilot 
ratings  and  commentaries  become 
Lundamentai  indicators  of  pilot  and 
system  dynamic  behavior,  system 
performance,  and  pilot  workload. 
Accordingly,  they  are  intrinsically 
associated  with  pilot  models.  The 
primary  purpose  of  this  paper  is  to 
summarize  and  indicate  some  of  these 
corinec:  t.  |  ons  . 


Detailed  descriptions  of  models 
for  pilot  dynamics,  as  such,  are  not 
the  theme  here.  Current  and  compre¬ 
hensive  summaries  of  such  models  suit¬ 
able  for  flying  qualities  applications 
appear  in  a  recent  AGARD  Lecture  Ser¬ 
ies  (Item  14  on  the  "Surveys"  list) 
and  elsewhere  (e.g.,  Refs.  2,  8).  But 
models  for  dynamic  analysis  are  neces¬ 
sary  as  the  first  step  in  an  analysis 
procedure  intended  to  provide  ratings 
/comments  estimates.  Accordingly, 
the  first  section  of  the  paper  pro¬ 
vides  a  brief  review  of  appropriate 
pilot  dynamic  models. 

The  second  section  introduces 
pilot  ratings  in  general  and  notes 
that  there  are  basically  two 

approaches  which  have  been  used  to 
connect  the  pilot's  assessments  tc 
pilot  and  pilot -vehicle  system  dynam¬ 
ics.  The  first  is  to  associate  pilot 
and  system  dynamic  and  performance 
characteristics  with  ratings  using 
functional  relationships.  Represen¬ 
tative  forms  of  pilot  rating  function¬ 
als  are  given  in  the  next  sections, 
illustrated  by  an  extensive  cross- 
section  of  examples.  The  second 
approach  is  "clinical,"  and  its  treat¬ 
ment  is  deferred  to  the  last  section. 

One  means  of  combining  single 
axis  ratings  into  a  multi-axis  esti¬ 
mate  is  developed  in  the  next  section 
The  development  relies  on  workload  and 
attentional  demand  concepts,  although 
the  ultimate  combination  rules  have  a 
validity  based  on  experiment  which 
transcends  any  such  basis. 

The  final  section  covers  a  clini¬ 
cal  approach  to  rating  estimates  which 
is  more  general  and  does  not  rely 
directly  on  empirical  correlations. 
Instead,  it  takes  Into  account  the 
pilot  and  pilot-vehicle  system  charac¬ 
teristics  as  revealed  by  analysis,  and 
considers  their  implications  for  con¬ 
trol. 

P'LOT  DYNAMIC  MODELS 

The  human  pilot.  Is  the  archetype 
hierarchical,  adaptive,  optimalizing, 
decision-making  controller.  In  accom¬ 
plishing  these  functions  the  pilot 
e x hi  bit s  a  b e w 1 1 der  1 1 1  g  v a r iety  of 


behavior.  which  defies  quantitative 
description  when  considered  In  the 
large.  Nonetheless,  since  World  War 
II  scientists  and  engineers  have 
attempted  to  describe  specific  ele¬ 
ments  within  this  functional  list  in 
terms  of  quantitative  models.  The 
major  source  of  paradigms  for  quan¬ 
titative  descriptions  derive  from 
control  theory.  Control  theories  can 
also  be  classified  using  similar 
adjectives,  so  it  is  not  surprising 
that  almost  every  new  advance  in  con¬ 
trol  theory  has  led  to  attempts  to 
better  understand  aspects  of  human 
behavior  in  the  perspective  of  this 
advance.  When  these  attempts  have 
been  fruitful,  a  control,  theory  par¬ 
adigm  has  emerged  which  is  useful  in 
quantifying  the  human's  operations. 
In  the  process  theory  has  been  used  to 
"explain"  experiment,  and  unexplained 
experimental  results  have  motivated 
new  theory.  The  results  of  this  wide¬ 
spread  synergistic  activity  have  been 
documented  in  hundreds  of  research 
papers  and  in  a  series  of  summary 
surveys  which  have  appeared  periodi¬ 
cally.  (A  chronological  listing  of 
surveys  is  given  at  the  end  of  this 
paper,  following  the  reference  list). 
As  a  consequence,  much  of  the  success¬ 
ful  art  is  now  mature.  Furthermore, 
it  has  become  a  fundamental  mode  of 
thinking  on  the  part  of  technical 
practitioners  In  the  fields  of  pilot- 
vehicle  systems,  flying  qualities, 
operator/vehicle  control  system  inte¬ 
gration  and  many  aspects  of  Inter¬ 
active  man-machine  systems.  From  this 
rich  variety  of  man-machine  control 
models  that  have  been  addressed,  the 
emphasis  here  will  be  confined  to 
models  particularly  pertinent  to  fly¬ 
ing  qualities  situations.  The  models 
of  interest  are  quite  comprehensive 
(as  encapsulations  of  experimental 
data)  as  well  as  broadly  represen¬ 
tative  of  useful  theory  (in  that  both 
classical  ana  modern  control  view¬ 
points  are  presented) . 

Flying  qualities  in  general  can 
be  divided  into  "unattended"  (and 
trim),  large  amplitude  maneuvering, 
and  "closed  loop"  operations.  All 
three  categories  have  some  degree  of 
pilot  interaction,  and  pertine  :*  mod 
els  exist  for  all  types  (Ref.  1).  Tin; 


pilot- vehicle  systems  most  relevant 
for  the  exposure  of  critical  flying 
qualities  involve  operations  in  which 
the  pilot  controls  the  effective  air¬ 
craft  dynamics  in  a  closed- loop 
fashion.  "Closed- loop"  in  this  seme 
means  operations  wherein  at  least  part 
of  the  pilot's  control  actions  are 
conditioned  by  the  differences  between 
the  aircraft's  desired  and  actual  out¬ 
puts.  The  kinds  of  piloting  covered 
include  precision  control,  regulation, 
and  stabilization  tasks;  the  types  of 
flying  qualities  tests  represented 
include  "flying  qualities  while  track¬ 
ing".  For  these  cases  the  core  pilot- 
vehicle  system,  and  the  associated 
human  pilot  behavior,  are  referred  to 
as  "compensatory".  Fortunately,  com¬ 
pensatory  operations  are  the  most 
definitive  in  disclosing  critical 
flying  qualities  deficiencies,  and  the 
associated  pilot  models  are  the  most 
extensive  and  advanced. 

There  are  currently  three  predom¬ 
inant  types  of  human  operator  models 
used  to  describe  compensatory  behav¬ 
ior.  Reference  2  is  an  up-to-date 
summary  which  includes  both  full -and 
divided-attention  operations.  By  fas 
the  simplest  model  describes  the  huraai 
pilot-vehicle  system  dynamics  in  thi 
crossover  frequency  region  (Fig.  la). 
(The  crossover  frequency  occurs  wher  i 
the  open- loop  amplitude  ratio  of  the 
pilot-vehicle  system  is  unity.)  it  is 
often  sufficient  for  flying  qualities 
analyses  intended  to  elicit  the  gov¬ 
erning  vehicle  parameters,  key  varia¬ 
tions,  and  basic.  relationships. 
Because  of  its  overal 1  Importance  and 
simplicity,  the  implications  of  the 
Crossover  Model  and  some  simple 
rubrics  for  pilot-vehicle  analysis 
using  the  model  are  summarized  in  the 
Appendix . 

The  mo s t  elabo r ate  de script! o n  o  f 
human  dynamic,  properties  as  a  control  ¬ 
ler  is  the  structural  -  isomorphic  model. 
This  is  ar.\  expansion  of  the  crossover 
model  which  attempts  to  account  for 
many  of  the  subsystem  aspects  of  the 
human  controller  as  well  as  the  total 
input  output  behavior  A  somewhat 

simplified  version  of  the  pilot's 
transfer  characteristic  is  shown  in 
Fig,  lb.  The  third  type  of  pilot 


node!  —  the  algorithmic  or  optimal 
control  model  (Ref,  2-8)  —  stems  from 
a  quite  different  control  theory  per¬ 
spective  (Fig.  1c)  .  'The  primary  pur¬ 
pose  of  rhls  model  is  to  mimic  the 
human  operator's  total  response  by 
appropriate  specialization  of  modern 
control.  computational  procedures. 
Because  the  "Crossover  Model"  is  the 
most  broadly  applicable  and  best: 
understood  of  human  dynamic 
descriptions,  the  behavior  predicted 
by  either  the  structural- isomorphic  or 
the  algorithmic  models  must  "reduce" 
to  this  form  in  the  crossover  frequen¬ 
cy  region.  Tims  the  more  elaborate 
models  must  inevitably  return  to  the 
crossover  model  as  a  necessary  limit¬ 
ing  case  "consequence" . 

In  order  to  exercise  the  algo¬ 
rithmic  model,  a  new  formulation  of 
the  computational  steps  involved  in 
the  optimal  control  model  has  been 
developed  in  the.  context  of  a  commer¬ 
cially  available  control,  sysitem  analy¬ 
sis  program  (Program  CC) .  Besides  the 
PC  compatible  format,  this  new  formu¬ 
lation  includes  additional  sequences 
which  allow  the  analyst  to  determine 
the  actual  estimated  pilot  charac¬ 
teristics  from  the  optimal  controller 
solution.  These  steps  should  improve 
the  understanding  and  interpretation 
of  algorithmic  model -based  estimates, 
and  should  broaden  the  use  of  the  OCM 
by  making  it  available  as  a  PC  com¬ 
patible  routine.  The  new  formulation 
is  documented  in  Reference  8. 

In  modern  high  performance  air¬ 
craft  the  pilot  is  no  longer  primarily 
a  controller.  Instead  communications, 
monitoring  and  management  of  automated 
equipment,  planning,  re -adjust  Lng  to 
adapt  to  changing  circumstances,  etc. 
place  increasingly  arduous  demands  on 
the  pilot.  Thus,  flying  stressful, 
high  workload  mission  phases  may 
require  the  pilot  to  divide  his  atten¬ 
tion  between  control  and  managerial 
tasks.  The  dynamic  models  for  the 
pilot  must  take  these  divided  atten¬ 
tion  operations  into  account.  This  is 
done  for  both  classical  and  algo 
r  l  thm i c  mode  I s  i n  Ref .  2 

The  pilot  models  briefly  reviewed 
above  focus  on  the  dynamics  of  pilots 
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in  flying;  qualities  tasks  for  both 
full  and  divided  attention  conditions. 
This  paper  concentrates  on  the  work¬ 
load  associated  with  generating  these 
dynamics  and  accomplishing  the  control 
task  as  measured  by  subjective  impres¬ 
sions  delivered  as  pilot  ratings. 
Ideally  we  would  like  to  predict  the 
workload  (pilot  commentaries  and 
ratings)  along  with  the  prediction  of 
the  underlying  pilot  dynamics.  This 
paper  summarises  the  extent  to  which 
this  can  be  done . 

PILOT  EATINGS 

The  previous  section  briefly 
listed  techniques  for  the  estimation 
of  pilot  dynamics  in  closed- loop 
tasks.  Because  aggressively  performed 
?lcsed-loop  tasks  are  ordinarily  crit¬ 
ical  from  the  standpoint  of  pilot 
compensation  or  skill  required  and  are 
usually  high  workload  flight  phases, 
they  tend  to  he  dominant  discrim¬ 
inators  in  flying  qualities  assess¬ 
ments.  The  assessments  themselves  are 
provided  by  oilot  comments  and 
associated  ratings,  such  as  the 
Cooper-Harper  scale  (Ref.  9),  part 
of  which  is  shown  in  Fig.  2.  It 
is  apparent  from  the  "Demands  on  the 


Aim* 

ChaurtmlHw 

Oft  ttw  PifaA 

in  MkM  Taftk  or  FtaspoWad  Operation” 

fy«H9 

(jccsttiifit 

Highly  Dcairi**' 

Pfcrf  toot  m  Ftcfo  for 

Omfevc'  Pcxfunrartco 

i 

Good 

Pilot  C Hot  ■  Farter  for 

OootrM!  Pwformtrc* 

2 

Fate  Mfc*y 

Urptaaant  DaAckndu 

Mb  Arrwi  Plot  ConporovOun  fbqufcad  for 
tkneArad  Pwtornwco 

3 

Mhoi  0l*  Anocy*>a 

OaActoaoJaa 

Ci  mkr*S  Pn^fon^smaa  R***jk*c  UcOerPi 
f‘  taf  Compaftwikan 

4 

ModaraMy  Ofcfac ■torxfo** 
OaHciltficNw 

fit  foqmPa  manw 

C  a r*adarrt>V*  »-■*«{  Corrfoan—Wcn 

s 

vWy  But 

T  after***  OaActencfcM 

Ate^uafer  Perform ance  tWcfotoM  £*>»■*» 
Plot  CarnpanueOnct 

6 

1  Ptfionmanc*  Not  Al Mate 

M*cr  Dafctonctn 

liflh 

ttednurn  Toforabta  Plot  Go'noanmikjn 
i  :or<r*ni3»y  Not  GuMtttc^ 

7 

hk+cr  Datodanc* m 

Carcakterefato  P*Tt  Comp»n««ttan  to 
flacjulad  tar  Control 

a 

ttk^ur  E  faftcJancfcic 

tnfoo—  Plat  CompaoMlton  to  iWqutad  to 
FWknCcrfid 

s 

lfe|o t  hrtc* tndm 

Cantoal  WW  4*  LaMt  Durfog  Soma  Pwt ton 
at  Ftary  Opiftt’.'o 

10 

at  .vqpjfrftd  qangtan  iwc*««  at  ffty*  andfor 

axwotpartyfog  cnrvfEfcaa 


Figure  2  Coope r - Harper  Handling 
Qua 1 i ties  R a t < ng  Scale 


Pilot..."  column  that  pilot  compensa¬ 
tion  (equalization)  and  effort 
(workload)  and  task  performance  are 
major  constituents  of  the  rating 
scheme.  When  the  task  variables 
(effective  vehicle  dynamics,  forcing 
functions  and  disturbances,  etc.)  are 
well-defined,  the  pilot-vehicle  system 
dynamic  models  described  in  Refs.  2 
and  8  can  be  used  no  snake,  quantitative 
estimates  of  pilot  compensation  and 
task  performance.  Workload,  on  the 
other  hand,  is  much  more  difficult  to 
quantify.  Still,  the  subjective  pilot 
ratings  and  comments,  which  are 
subjective  workload  indices,  should 
have  some  connections  with  the  pilot 
and  pilot-vehicle  system  dynamics  and 
performance.  These  connections  are 
intrinsically  empirical.  They  are 
also  awkward  theoretically  because  the 
rating  scale  is  ordinal.  Consequently, 
averages,  standard  deviations,  etc., 
are  not.  legitimate  statistics, 
although  this  has  never  stopped  flying 
qualities  engineers  from  using  them! 
(Fortunately,  the  scales  seem  to  be 
close  to  interval  in  some  ranges  or, 
for  the  purist,  data  can  be  converted 
to  an  underlying  interval  scale  where¬ 
in  all  the  parametric  statistics  can 
be  applied  and  then  converted  back  — 
see  Ref.  10.) 

The  g-al  of  this  paper  is  to  sum¬ 
marize  the  available  connections 
between  pilot  and  pilot -vehicle  system 
dynamics  and  pilot  ratings.  There  are 
fundamentally  two  approaches  which 
have  been  used  with  some  success.  The 
first  directly  associates  pilot  and 
system  dynamic  and  performance  charac¬ 
teristics  with  the  pilot  rating  via  a 
functional  relationship.  Such  func¬ 
tionals  have  been  developed  for  use 
with  both  the  classical  and  OCM  ver¬ 
sions  of  pilot  models.  The  actual 
connect  Ions  which  have  been  estab¬ 
lished  are  based  on  specific  tasks  and 
circumstances . 

The  second  approach  is  more 
clinical  in  style.  it  takes  into 
account  the  pilot  and  pilot-vehicle 
system  characteristics  in  terms  of 
their  implications  for  control.  A 
list  of  assessment  features  is  con¬ 
sidered  in  order  to  reveal  symptoms 
of  flying  qualities  problems.  Some 
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quantitative  aspects  can  he  set 
forth,  but  others  are  only  qualita¬ 
tive,  Consequently,  this  approach  is 
more  the  basis  for  a  pseuao-pilot 
commentary  rather  than  a  means  to  make 
numerical  rating  esti -mates  directly. 
Of  course,  if  the  "commentary"  is 
sufficiently  complete  it  can  be  con¬ 
verted  to  a  rating  by  working  through 
Fig.  2.  The  clinical  technique  is 
especially  useful  to  define  possible 
flying  qualities  prob-lems  and  key 
effective  airplane  dynamic  para¬ 
meters,  or  as  a  means  of  interpreting 
experimental  data. 

The  two  approaches  described  are 
currently  most  highly  developed  for 
single  axis  situations.  Multi -axis 
rating  estimates  can  be  developed  from 
single  axis  results  using  a  "product 
rule,"  and  OCM-based  multi  axis 
results  can  be  the  basis  for  direct 
estimates  of  multi-axis  ratings.  Both 
approaches  are  described  below. 

PILOT  RATING  FUNCTIONALS 

A  direct  approach  is  to  formulate 
a  functional  which  incorporates  the 
pilot  and  system  dynamic  and  perfor¬ 
mance  quantities  which  are  peer  med  to 
underlie  the  pilot  rating  A  general 
form  which  explicitly  con  rains  some 
and  implicitly  contains  a] l  of  the 
desired  features  is  given  by, 
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(1) 

the  subscript  notation  used  is 
intended  to  imply  that  i<I  motion  and 
task  measures  are  controlled  by  ktK 
pilot  loops  actuating  j  t 1  control 
points.  This  functional  forts  is  gen. 
era!  enough  tc  include  the  existing 
(eg..  Refs,  1,  ? ,  10 -21)  approaches 

to  quantitative  flying  qualities 
rating  functions.  The  key  closed- loop* 
system  quantities  in  the  rating  funo - 
ti.o-al  are  measures  o?  mission/task 


performance.  These  are  conveniently 
described  by  a  set  of  dominant 
weighted  aircraft  motion  deviations 
and  total  task  accuracy  or  error  indi¬ 
cations  ( represented  by  the  qj )  . 

The  pilot  activity  component  of 
pilot  effort,  sj  (either  force  or 
displacement,  as  pertinent  to  the 
manipulator  involved)  and  t j  are  par¬ 
ticularly  dependent  on  the  level  of 
pilot,  gain.  For  a  given  gain,  these 
will  increase  directly  with  gust  dis¬ 
turbance  spectrum  amplitude  and  pilot- 
induced  noise  (remnant)  amplitude. 
Accordingly,  both  the  raission/task  and 
pilot  activity  quantities  will  reflect 
turbulence  and  remnant  levels. 

The  pilot  equalization  component 
of  pilot  workload  is  generally 
represented  in  Eq.  1.  by  the  slope  (in 
dB  per  octave  or  decade)  of  the 
pilot's  amplitude  ratio  evaluated  at  a 
particular  frequency  (generally  near 
crossover) .  This  is  by  no  means  the 
only  measure  available  to  describe  ths 
dynamic  quality  of  the  pilot's  effort; 
others  (c,  g.  ,  Refs.  12-16)  use  pilot 
lead  time  constants  (the  shewn  in 
Eq.  1)  which  are  a  desirable  alterna¬ 
tive  for  particular  situations  with  a 
sufficient  data  base.  Then  the  rating 
functional  takes  the  very  uselul  form 
illustrated  in  Fig.  i .  At  present, 
adequate  functions  cl  this  form  exist 
for  precision  hover  tasks  (Refs.  12 
13),  pitch  attitude  control  (Ref.  14), 
arid  roil  attitude  control  (based  on 
Refs.  1/  and  18'.  In  addition,  the 
Ref.  19  data  provide  a  base  for  a 
mu] l i loop  functional 

The  technique  pioneered  in  Ref. 
12  actually  used  the  pilot  rating 
functional  as  a  performance  index,  as 
well  as  a  rating  estimator.  That  is, 
fie  pilot  model  parameters  (Fig.  3a) 
were  adjusted  to  minimize  R,  the  pilot 
rating  functional. 

The  tol low-on  work  of  Ref  16, 
which  was  dedicated  to  experimentally 
verifying  the  Ref  12  result,  produced 
a  "modified"  pilot  rating  functional 
for  the  Ry  t  Rq  component,  as  shown  in 
Fig.  4.  The  correlation  between 
predicted  and  actual  ratings,  shown  in 
Fig,  6  are  reasonably  good 
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values  found  in  I).  If  system  not  stable,  go  to  3). 

3)  T(_e,T(  ^  held  fired  at  values  found  ini).  Kpt,  Kpo  simultaneously  decreased 
until  values  found  for  which  0  20.3  %  increase  would  result  in  an  unstable 
system  while  a  20%  increase  would  result  in  a  stable  system.  These  values 
are  used  to  compute  performance  and  ratmg. 
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Figure  3.  The  Elements  of  the  "Paper  Pilot"  for  th«  lover  (Ref.  12) 
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In  Re*  .  14  the  task  was  changed 

to  pitch  attitude  control  and  the 
result- ing  pilot;  rating  functional 
evolved  to- 
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where 


a  -  oe/cr1 


ratio  of  rms  error 
to  rms  hr  uf 


and 

R  S  10  .  0  :<  R 2  <•  3.25  ,  0  5,  Rp 

(If  a  value  of  a  <  .974  cannot  be 
obtained,  R  —  10) 

Yet  anyth'  ■  way  to  estimate  pilot 
ratings  is  i o  use  correlations 
developed  for  the  algorithmic  pilot 
model  (Refs.  20-22,  24,  25).  This 

pilot  rating  estimation  procedure  is 
based  on  the  hypothesis  that  the 
pilot  rating  for  a  particular  task  and 
set  of  vehicle  dynamics  can  be 
correlated  with  the  numerical  value  of 
the  index  of  performance  (minimum 
values  of  the  0CM  Cost  Function) 
resulting  from  the  optimal  pilot 
modeling  procedure.  As  indicated  in 
Fig.  6,  this  has  worked  fairly  well 
for  some  single-axis  cases  (e.g., 
helicopter  hover  and  longitudinal 
approach) . 

The  extension  of  the  0CM  perfor¬ 
mance-  index-based  pilot  rating  esti¬ 
mating  procedure  to  the  multi-axis 
case  has  recently  been  addressed.  The 
basic  developments  are  given  in  Refs. 
8  and  22.  Reference  26  is  the  pri¬ 
mary  source  for  these  studies  of  con¬ 
nected  single-  and  multi- axis  rating 
data,  although  no  associated  pilot 
dynamic  information  is  available. 
Consequently,  the  OCM  was  used  to 
establish  pilot  and  system  dynamics 
estimates.  For  the  rating  estimates 
only  the  performance  index  Is  needed. 
The  appropriate  performance  index  for 
each  single  axis  was  chosen  to  be, 
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And  for  a  multi-axis  task,  the  objec¬ 
tive  function  used  was 
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Mode!  Parameters  for  Hover  Task  of  Miller  and  Vinje  (1968) 

Parameter 

Value 

Time  delay  r 

Neuromuscular  time  constant  T„ 

Visual  thresholds 

"Full-attention"  noise-signal  ratio  tor  observation  noisa 
Fraction  of  attention  on  control  task  f, 

Noise-signai  ratio  for  motor  noise 

03  t 

0.2  s 

None 

O.OC25 

0-25  —  1.0  (configuration  dependent) 
0.003 

Index  o /  P&riotr.-.mc.a 
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Figure  6.  Pilot  Rating  vs.  Value  of  Model  Index  of  Performance  (Ref.  20) 


The  justification  of  this  selection 
involves  three  considerations.  The 
first  relates  to  the  selection  of 
equal  (unity)  weighting  on  each 
Jaxisi  in  the  definition  of  Jtask  in 
multi -axis  tasks.  This  decision  was 
based  on  the  instructions  given  to  the 
subjects  in  the  Ref.  26  experiment. 
They  were  to  attempt  to  minimise  the 
errors  in  all  controlled  axes.  That 
is,  thay  were  instructed  that  no  axis 
was  to  be  given  preference,  which 
would  then  define  primary  and  second¬ 
ary  sub- tasks. 

Secondly,  the  normalization  of 
the  mean- square  error  with  the  mean- 


square  command  deals  nicely  with  the 
fact  that  different  units  and  dif¬ 
ferent  command -signal  strengths  were 
used  in  several  axes. 

Finally,  the  interpretation  of 
requires  some  discussion.  In  the  OCM, 
the  selection  of  gj  defines  the  fre¬ 
quency  range  over  which  the  open -loop 
system  amplitude  ratio  approximates  a 
K/s -like  form.  In  connection  with  the 
GCrt  it  is  often  cited  that  e*  is 

Cl  i. 

selected  to  yield  a  desired  neuromotor 
time  constant,  Tn,  in  the  pilot's 
describing  function  obtained  from  the 
model.  But,  as  indicated  in  Refs.  2 
and  8,  when  the  total  pilot  describing 


function,  Yn,  is  actually  constructed 
from  its  various  elements  in  the  OCM, 
the  Tn  established  in  this  fashion  is 
canceled  by  a  directly  compensating 
lead,  leaving  the  actual  estimated  Yp 
with  no  (Tn  s  -fr  1 )~ ^  lag.  Still,  It 
has  been  convenient  to  adjust  in 

this  fashion  even  though  the  lag  will 
later  disappear.  In  this  vein,  the 
value  of  the  desired  neuromotor  time 
constant  used  is  either  0.1  sec,  • 
the  Tn  that  yields  the  lowest  error 
(eg.,  best  performance),  whichever  Is 
greater .  Notice  that  after  Tn  is 
determined  in  the  above  fashion,  this 
"operatin'-  point"  is  associated  with 
some  we'  gi  in  Jaxis  i-  This  value 
may  alsc  .fer  the  subject's  subjec¬ 
tive  cr-t,  j  between  performance  ( ot ) 
and  workload  (erg)  .  And  since  pilot 
lead  and  ag  are  correlated,  this  pro¬ 
cedure  maximizes  the  possibility  of 
relating  the  resulting  value  of  Jtask 
to  the  subjective  rating  of  the  task. 

Shown  in  Fig.  7  is  the  corre¬ 
lation  between  Jtask.  as  modeled,  and 
the  subjective  ratings  of  the  task. 
The  correlation  between  Jtask  arK*  FOR 
from  the  single -axis  results  appears 
to  hold  for  the  multi-axis  results 
as  well.  This  result  seems  to  indi¬ 
cate  that  the  ratings  reflect  the 
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Figure  7.  Pilot:  Pacing  vs.  Perfor 
icfinca  Index  for:  Dander  Single-  and 
Multi -Axis  Tasks  < see  Re f.  22) 


actual  performance  and  worklorrd 
(stick)  rate)  in  the  overall  task. 
Tire  results  also  tend  to  support  the 
hypothesis  the  t  determining  the 
weightings  in  the  manner  discussed 
leads  to  approximately  "correct"  rela¬ 
tive  weightings  on  control  rate  in  the 
axis,  and  the  relative  weight  between 
control  rate  and  normalized  error. 
Because  the  multi-axis  correlations 
follow  the  some  trend  as  the  single  - 
axis  data,  this  study  indicates  that 
the  objective  function  for  multi-axis 
situations  can  be  extrapolated  (or 
calibrated)  from  single  axis  correla¬ 
tions  . 

WORKLOAD,  ATTENTIONAL  DEMANDS ,  AND  THE 
PRODUCT  RULE  FOR  MULTI -AXIS  RATINGS 

There  is  a  strong  connotation  of 
increasing  pilot  effort  and  workload 
in  the  phrases  of  the  Cooper-Harper 
Scale  (Ref.  9)  which  invoke  levels  of 
"pilot  compensation,"  but  workload  is 
difficult  to  define  and,  consequently, 
to  quantify.  A  general  definition 
that  can  be  measured  and  predicted  is 
workload  margin,  defined  as  the  abil¬ 
ity  (or  capacity)  to  accomplish  addi¬ 
tional  (expected  or  unexpected)  tasks. 
The  pilot  opinion  rating  scale  satis¬ 
fies  this  definition  up  to  its  "uncon¬ 
trollable"  limit  point.  It  is,  there¬ 
fore,  a  key  workload  measure,  easy  to 
obtain  In  some  experimental  circum¬ 
stances  . 

Auxiliary  tasks  have  been  devel¬ 
oped  that  satisfy  the  workload  margin 
definition  given  above  and  that  permit 
more  objective  measurements.  One  such 
task  provides  a  complementary  pair  of 
measures  suitable  for  integrating  many 
workload  concepts  and  factors  into  one 
basic  context.  These  are  the  "atten- 
tional  demand"  and  the  "excess  control 
capacity . " 

The  attentlonal  demand  and  excess 
control  capacity  measures  have  been 
connected  with  pilot  rating  in  a 
multi-multi -axis  experiment  using  the 
so-called  cross-coupled  subcritical 
task  (see,  for  example,  Refs,  10  and 
27).  A  block  diagram  of  the  general 
experimental  setup  is  shown  in  Fig.  8. 
The  pilot  first  performs  the  primary 
task  alone,  attempts  to  achieve 
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Figure  8.  Single -Loop  Primary  Task 
with  Secondary  Cross -Coupled  Loading 
Task 


satisfactory  levels  of  performance, 
and  provides  a  Cooper -Harper  pilot 
rating. 

The  secondary  subcritical  track¬ 
ing  task  is  then  connected  in  order  to 
"load"  the  pilot.  The  difficulty  of 
the  secondary  task  is  made  propor¬ 
tional  to  primary  task  performance  via 
the  cross -coupling.  Thus,  when  the 
pilot  keeps  primary  task  performance 
less  than  a  criterion  value  (based  on 
the  runs  with  the  primary  task  alone) , 
the  secondary  task  difficulty  is  auto¬ 
matically  increased  by  increasing  the 
rate  of  divergence  of  the  secondary 
task  instability.  Conversely,  when 
the  pilot  becomes  so  busy  with  the 
secondary  task  that  the  primary  task 
error  becomes  larger  than  the  cri¬ 
terion  value,  the  secondary  task  dif¬ 
ficulty  is  automatically  decreased. 
The  final  "score"  Is  As ,  the  sta¬ 
tionary  value  of  the  secondary 
unstable  pole  (A)  In  rad/sec.  The 
scores  obtained  from  this 
cross -coupled  secondary  task  represent 
its  difficulty;  consequently,  they 
also  represent  the  "degree  of  ease"  of 
the  primary  task  or  the  excess  control 
capacity  available  with  respect  to  the 
primary  task.  The  AK  scores  can  be 
appropriately  scaled  into  proportional 
workload  indices  by  normalizing  them 
with  respect  to  the  maximum  sidetask 
Sv  .re  attainable  under  full  attention 


conditions  (no  primary  task).  Iri  this 
case,  As  approaches  Ac ,  the  "critical 
task"  score.  The  attentional  demand 
of  the  primary  task  is  then  given  by 

-^s 

AD  -  1 -  (4) 

Ac 

The  "Attentional  Demand,"  AD,  Is 
a  dimensionless  fraction  that  can  be 
equated  with  the  average  primary 
control  task  attentional  dwell 
fraction,  Its  complement,  the 
"Excess  Control  Capacity,"  which 
measures  the  average  fraction  of  time 
available  for  other  than  the  primary 
task,  is 

As 

XSCC  -  —  (5) 

If  the  side  task  is  taken  to  be  a  sur¬ 
rogate  for  all  of  the  managerial  func¬ 
tions,  XSCC  will  be  just  the  average 
managerial  task  dwell  time  fraction 
l  -  T). 

Achieving  the  critical  limiting 
score  in  the  cross -coupled  secondary 
task  indicates  a  condition  of  maximum 
available  excess  control  capacity;  the 
secondary  task  is  a  "critical"  task  In 
this  limiting  case.  The  critical  task 
provides  a  divergent  controlled  ele¬ 
ment  form  that  tightly  constrains 
allowable  pilot  equalization  near  the 
region  of  gain  crossover  so  that  the 
pilot's  effective  time  delay,  re,  is 
the  sole  determinant  of  system 
stability.  Thus,  pilot  activity  that 
demands  an  increase  in  re  on  the 
whole  task  will  prevent  the  attainment 
of  the  pilot's  critical  limiting  score 
on  the  cross -coupled  secondary  task. 

Secondary  scores  obtained  for  a 
variety  of  primary  controlled  elements 
are  presented  in  Ref.  10,  Figure  9 
shows  how  the  scores  for  the  best  gain 
configurations  of  each  controlled 
element  compare  with  the  Cooper-Harper 
ratings.  In  Fig.  9  a  score  of  As  -  0 
corresponds  to  100  percent  of  the 
pilot's  attention  being  devoted  to  the 
primary  task  or  no  excess  control 
capacity;  whereas,  a  limiting  score 
(As  -  c!.[5)  means  that  no  attention  is 


Figure  9.  Calibration  of  Pilot  Rating  with  Attentional  Workload  and 
Excess  Control  Capacity  (adapted  from  Ref.  10) 


required  to  maintain  primary  task 
performance ,  or  that  100  percent  of 
excess  control  capacity  is  available. 

These  relationships  suggest  that 
subjective  pilot  ratings  can  be 
associated  closely  with  the  objective 
measures  of  workload  provided  by  the 
attentional  demand  and  the  excess 
control  capacity.  The  lower  (better) 
values  of  pilot  rating  correspond  to 
low  attentional  demands  and  large 
excess  capacity  to  perform  other 
functions.  More  difficult  effective 
vehicle  dynamics  that  receive  poorer 
piloc  ratings  of  their  flying 
qualities  require  much  more  of  the 
pilot's  attention  and  hence  leave  less 
capacity  for  other  tasks. 


The  excess  control  capacity  con¬ 
cept  also  provides  a  potential  basis 
for  estimating  ratings  for  multiloop 
situations  (Ref,  28).  First,  assume 
that  the  relationship  between  pilot 
rating  and  excess  control  capacity, 
An  "  Xs/Ac  given  by  Fig.  9,  is 
applicable  to  each  axis  in  a  multiaxis 
situation.  Then,  single-axis  capacity 
or  attention,  values  can  be  combined 
to  yield  the  combined  axis  value  by  a 
multiplication  process,  i.e.,  the 

raultiaxis  excess  capacity.  An  ,  is 

m 


Combined  ratings  are  always  greater 
than  (or  equal  to)  individual  rat¬ 
ings,  since  combined  An's  are  always 
less  than  any  Individual  An.  Also, 
the  maximum  value  of  Rm  never 
exceeds  A,  i.e.,  for  large  <  A, 

n  (Ri  “  a)  -  0. 

The  logical  value  for  A  is  10.0, 
and  B  was  determined,  using  the  emp¬ 
irical  data,  to  be  equal  to  -8.3.  As 
depicted  in  Fig  10,  this  results  in  a 
good,  overall  fit  t:o  the  multi-axis 
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Observed  Multi -A*ls  Rotlng 


Figure  10.  Correlations  Obtained  with  Product  Method  (Ref.  28) 


rating  data  of  Ref.  28.  Notice  that 
in  its  final  form  the  multi-axis  rat¬ 
ing,  Em>  can  be  computed  directly  from 
the  single-axis  ratings,  Rj_ .  Measures 
or  computation  of  excess  control  capa¬ 
city  or  attentional  demand  are  not 
required. 

For  far  too  many  years  (1962- 
1990)  the  Ref.  26  ("Dander")  data  were 
unique  as  the  only  generally  available 
experiments  in  which  single  arid  mul¬ 
tiple  axis  ratings  were  systematically 
taken  and  compared.  They  are  the 
basis  of  the  developments  leading  to 
Figs.  7  and  10.  A  brand  new  data  set 
(Ref.  29)  are  now  available  which 
enormously  extends  the  data  base  on 
which  to  build  and  assess  new  correla¬ 
tion  and  rating-model  building  possi¬ 
bilities.  The  data  are  unique  in 
including  both  fixed  and  moving  base 
multi-axis  conditions  with  comprehen¬ 
sive  mea.su res  of  pilot  dynamics  (e.g  , 
describing  functions)  as  well  as  pilot 
lacings.  Reference  29  provides  a  good 
start  or;  the  development  of  more  elab¬ 
orate  functional  relationships  between 


single  and  multiple  axes,  but  we  fully 
expect  many  more  to  follow  in  the 
course  of  time.  For  the  present,  the 
fixed-base  data  shown  in  Figs.  11  and 
12  serve  to  further  refine  and  vali¬ 
date  the  product  rule  for  combining 
single  axis  data  into  multi-axis  esti¬ 
mates.  Figure  11  illustrates  that  the 
product  rule  continues  to  work  well 
with  these  data.  Figure  12  provides  a 
useful  diagram  with  boundaries  suit¬ 
able  for  combinations  of  ratings  in 
flying  qualities  "Levels"  terms. 
Among  other  things,  the  Level  bound¬ 
aries  pertinent,  to  conditions  wherein 
one  of  the  axes  is  highly  rated  (the 
horizontal  and  vertical  boundary 
lin  s'  implicitly  recognize  that  the 
comb  :  ;r  ax  Is  ratings  can  never  be 
super  or  to  single  axis  ratings.  This 
is  a  possibility  if  the  basic  formula 
is  used  for  these  cases,  e,g.,  a  rat¬ 
ing  of  1  in  one  axis  combined  with  a 
rating  of  4  in  the  other  yields  a 
combined  rating  of  3.5.  Reference  29 
provides  alternative  product  rules 
based  on  various  regressions  with 
several  parameters,  including  in  some 
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Figure  11.  Comparison  of  Product  Rule 
with  Single-  and  Multi -Axis  Pilot 
Ratings  from  STI  Simulation  (Ref.  29) 


Longitudinal  HQR 

Figure  12.  Comparison  of  Single -Axis 
(Pitch  and  Roll)  HQRs  with  Multi-Axis 
HQRs  from  STI  Simulation  (Ret.  29) 

cases  such  quantities  as  aircraft 
bandwidth  measures.  These  more  exten¬ 
sive.  and  refined  formulas  can  be  par¬ 
ticularly  useful  for  specific  roll, 
pitch  control  situations 


The  treatment  above  has  the  great 
merit  that,  when  appropriate  measures 
and  experimental  correlates  are  avail¬ 
able,  a  set  of  pilot  rating  estimates 
can  be  made  using  relatively  simple 
formulas.  The  detailed  reasons  for 
the  rating  estimates  are  inherently 
buried  in  the  empirical  data  which 
serve  as  bases  for  the  correlations. 
In  other  words,  the  pilot  commentary 
and  reasons  behind  whatever  the  rating 
estimate  comes  out  may  be  quite 
obscure.  To  alleviate  this  diffi¬ 
culty,  and  to  provide  an  alternative 
for  situations  where  the  data  base  is 
insufficient  or  non-existent,  a  clin¬ 
ical  approach  is  indicated.  Here  the 
characteristics  exhibitea  by  the  pilot 
and  pilot-vehicle  system  dynamics  are 
examined  for  "symptoms"  of  potential 
problems.  These  are  then  reflected 
into  a  summary  of  properties  which 
amount  to  a  pilot  commentary  expressed 
in  technical  terms . 

Consider,  for  the  most  elementary 
situation,  that  the  crossover  model  is 
used  to  accomplish  a  pi lot-vehicle 
analysis  for  a  given  set  of  effective 
aircraft  dynamics.  The  data  directly 
available  from  the  analysis  includes 
an  estimate  of: 

«  the  stability- limited  (zero  phase 
margin)  maximum  crossover  frequency, 
wu; 

®  pilot  lead  equalization  required 
In  the  region  of  crossover  to  make 
good  the  crossover  law  (measured 
In  terms  of  pilot  amplitude  ratio 
slope,  [d|Yp|dB/d  log  w)Wc) ; 

•  the  nominal  full -attention  cross¬ 
over  frequency,  «c . 

As  developed  in  Ref.  2,  the  two  cross¬ 
over  frequencies  are  closely  related, 
i  .  e  .  , 

‘j>c/u'u 

No  pilot  lead  0.78 

Low  frequency  pilot  lead  0.66 


17  IS 


If,  in  addition,  equivalent  forcing 
function  information  is  available  the 
system  steady-state  performance  can  be 
determined  easily  (see  e.g.„  Ref.  2, 
Figs.  9  or  13a). 

As  might  be  expected,  the  most 
important  pilot  dynamics  correlates 
with  pilot  rating  are  pilot  gain  and 
pilot  lead.  Empirical  connections 
between  these  are  given  in  Fig,  13. 
For  a  particular  controlled  element 
there  is  an  optimum  controlled  element 
gain  which  depends  on  the  manipulator 
dynamics,  controller  sensitivity, 
control  harmony  among  axes,  etc.  No 
theory  yet  exists  to  establish  this 
optimum  gain,  so  it  must  be  determined 
empirically.  Then,  curves  such  as 
there  shown  in  Fig.  13  can  be  used  to 
assess  any  rating  decrements  from  the 
optimum.  By  virtue  of  the  wc-Kc 
independence  property  (Refs.  1,  2)  any 
change  in  the  effective  aircraft  gain, 
Kc ,  will  be  countered  by  a  change  in 
pilot  gain,  Kp,  to  keep  the  pilot- 
vehicle  system  crossover  frequency 
approximately  constant.  However, 
either  too-slugglsh  (Kc  too  small,  Kp 
too  large)  or  too-sensitive  conditions 
can  give  rise  to  major  decrements. 
This  can  be  greater  than  6  rating 
points  even  for  the  Yc  -  Kc/s 
controlled  element  dynamics.  As  can 
be  appreciated  from  Fig.  13  the 
optimum  is  quite  broad  (changes  of 
plus  or  minus  50%  in  either  direction 
are  less  than  1  rating  point  for  even 
the  nurrowest  U-shaped  curve),  so  once 
the  controlled  element  sensitivity  is 
properly  adjusted  minor  controlled 
element  gain  changes  are  not  major 
factors  in  pilot  rating. 

The  pilot  lead  equalization 
required  to  make  good  the  crossover 
model  has  a  major  effect  on  the  pilot 
rating.  For  example,  Fig.  13 
indicates  that  the  difference  between 
a  Yc  -  Kc/s  controlled  element,  which 
requires  no  pilot  lead,  and 
Yc  -  Kc/s^,  which  demands  +1  lead 
units,  is  a  pilot  rating  decrement  of 
about  3  Cooper-Harper  ratLng  points. 
Considered  as  idealized  systems  these 
correspond,  respectively,  to  "rrte 
command"  and  "acceleration  command" 
effective  vehicle  characteristics. 
Re-examining  Fig.  9,  the  rate  command 


system  data  point  shows  a  pilot  rat¬ 
ing,  PR  —  2-1/2  with  an  attentional 
demand  of  0.2  while  the  acceleration 
command  system  data  point  has  PR  —  6 
arid  a  control  task  dwell  fraction  of 
about  0.65.  The  primary  reasons  for 
rating  shifts  for  these  data  are  the 
amount,  of  lead  required  and  the  reduc¬ 
tion  in  system  performance  (the 
attainable  crossover  frequency  for  the 
acceleration  case  is  less  than  that 
for  the  rate  command  situation  because 
of  the  increased  re  due  to  the  need 
for  lead  generation).  In  any  event, 
even  a  best  gain  acceleration  command 
system  will  be  I-evel  2  (3-1/2  <  PR  < 
6-1/2)  from  a  flying  qualities  stand¬ 
point.  From  the  descriptive  adjec¬ 
tival  phrases  of  Fig.  2  this  level  of 
low-frequency  lead  generation  would 
therefore  be  interpreted  as  "consider¬ 
able  pilot  compensation"  required  to 
achieve  adequate  performance. 

The  effects  of  pilot  low-frequen¬ 
cy  lag  equalization  have  been  more 
difficult  to  quantify.  When  the  con¬ 
trolled  element  is  a  pure  gain,  the 
pilot  will  introduce  a  very-low-fre¬ 
quency  lag  to  create  crossover  model 
properties  in  the  region  of  pilot- 
vehicle  crossover  (Ref.  1).  In  this 
case  there  appears  to  be  no  particular 
rating  penalty  associated  with  the  lag 
or  trim -like  control  features.  Simi¬ 
lar  consequences  have  been  seen  with 
high-ban&width  attitude  command 

/attitude  hold  systems.  On  the  other 
hand,  pitch  attitude  dynamics  in  which 
a  conspicuous  shelf  Is  present  between 
the  1/1  g2  leacl  and  a  lightly  damped 
effective  short-period  undamped 

natural  frequency,  require  the  pilot 
to  generate  a  lag  or  lag- lead  feature. 
This  is  needed  to  cope  with  the 
lightly  damped  short -period  mode  as 
well  as  to  make  the  open- loop  pilot 
vehicle  system  approach  the  crossover 
model  The  pilot;  response  data  of 
Ref.  29  demonstrate  that  the  crossover 
model  applies  to  these  situations,  and 
that  the  pilot  does  indeed  generate  a 
lag  or  lag- lead.  Consideration  of 
the  rating  data  associated  with  the 
Ref.  29  experiments,  reported  in 
Ref.  23,  indicate  that,  In  this  case, 
there  is  a  distinct  rating  penalty 
a.ss  o  c  1  a  t  e  d  v  1 1  h  the  p  i  1  o  t  -  g  e  n  e  r  a  t  e  d 
lag.  Also,  when  the  "shelf"  length  Is 
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Figure  13.  Pilot  Rating  Decrements  as  Functions  oi  Lead  Equalization 
and  Gain  Tracking  with  Full  Attention,  Single  Axis  (Ref.  1) 


extreme  and/or  the  effective  short 
period  damping  ratio  too  small,  the 
pitch  attitude  control  transfer  func¬ 
tion  becomes  a  "PIO  Syndrome"  situa¬ 
tion,  which  can  be  very  poorly  rated 
indeed . 

There  are,  of  course,  factors 
other  than  pilot  lead  and  gain 
adjustment  that  affect  the  pilot  rat¬ 
ing.  In  general,  flying  qualities 
ratings  tend  to  be  given  on  a  global 
basis  which  may  include  several 
maneuvers  in  a  task  complex.  Both 
open- loop  (unattended)  and  closed- loop 
(attended)  piloting  operations  will 
be  considered  in  the  rating.  Concern 
here  is,  of  course,  primarily  with  the 
closed-loop  piloting  aspects.  In 
fact,  for  stability  and  control  flight 
testing  the  important  connection  is 
with  "flying  qualities  while  tracking" 
aspects  and  other  precision  and/or 
aggressive  tasks  which  involve  tight 
closed-loop  pilot-vehicle  control. 

The  unattended  category  can  he 
the  major  factor  in  determining  the 
acceptable  values  of  very  low  fre¬ 
quency  divergences  such  as  the  spiral 


or  a  divergent  phugoid.  It  can  also 
be  decisive  in  setting  the  nature  of 
the  "hold"  characteristic  built  into 
the  stability  augmentation  system. 
For  example,  for  most  flying  tasks  the 
attended  longitudinal  pitch  attitude 
system  should,  Ideally,  require  no 
pilot  lead  equalization.  For  this  to 
be  true  the  ideal  effective  airplane 
dynamics  would  approximate  Yc  -  Kc/s 
in  the  region  of  crossover.  But  for 
unattended  operations  a  rate  command 
system  is  not  ideal  in  that  an  atti¬ 
tude-stable  platform  is  desired.  Thus 
a  rate -command/atti tude -hoi d  system 
has  superlorr  pilot  ratings  to  rate- 
conunand/rate  -  hold . 

Another  major  facet  in  some 
nearly  unattended  or  divided- attention 
operations  is  "commandabil i ty" ,  the 
ability  of  the  airplane  to  respond  in 
a  precise,  orderly,  and  predictable 
manner  to  highly  ski' led,  precognitive 
pilot  command  inputs.  These  inputs 
are  j?ure  commands,  functions  of  time 
alone,  and,  as  such ,  ;*re  basically 
open- loop  in  character.  Typical 
example;;  are  turn  entries,  tep  like 
(for  attitude  command  sy  terns)  oi 
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pulse-like  (for  rare  command  systems) 
inputs  to  adjust  attitude,  precogni- 
t.ive  landing  flares,  etc.  These 
maneuvers  may  have  to  be  fine-tuned  at 
the  end  via  closed- loop  control,  but 
for  an  ideal  vehicle  and  a  skilled 
pilot  this  will  not  ordinarily  be 
necessary.  Again,  to  the  extent  that 
this  feature  of  the  airplane's  charac¬ 
teristics  enter  into  the  rating  game, 
closed- loop  dynamics  considerations 
are  not  explicitly  involved. 

An  important  distinction  about 
the  unattended  factors  in  the  current 
context  is  that  they  may  set  a  base 
for  the  pilot  rating  which  does  not 
depend  on  closed- loop  factors.  This 
base  can  itself  shift  as  the  divided 
attention  requirements  shift.  For 
example,  if  managerial  tasks  take  up 
almost  all  the  available  time  the 
effective  vehicle  dynamics  in  the 
unattended  state  may  have  to  be  highly 
automated,  even  including  path,  alti¬ 
tude,  cr  position  control.  In  any 
event,  the  closed- loop  effects  should 
be  thought  of  as  increments  from  the 
base  level  determined  from  the 
unattended  operation  requirements. 

Table  1  presents  a  list  of  pri¬ 
mary  factors  to  which  the  pilot  is 
sensitive  and  which,  accordingly, 
underlie  pilot  rating.  Except  for 
pilot  lead  and  gain  variation  from 
optimum  these  factors  are  not  yet 
individually  quantifiable  in  ratings 
terms.  On  the  other  hand,  with  modern 
flight  control  system  technology  most 
of  them  can  be  modified  by  design. 
Consequently,  these  system  aspects  can 
be  profitably  compared  in  competing 
system  studies,  and  also  serve  as  a 
useful  checklist  for  interpreting 
manned  simulation  or  flight  test 
results.  As  remarked  earlier,  a 
pseudo  pilot  commentary  can  be  con¬ 
structed  by  considering  them. 

In  Table  l  both  items  under 
"Unattended  Operations"  and  the  "Pilot 
Lead"  and  "Pilot  Gain/Opt iraum"  parts 
of  the  "Attended  Operations"  list  have 
been  covered  above.  The  remaining 
Items  will  be  discussed  below  Some  of 
the  considerations  can  be  developed 
from  (lie  crossover  model,  while  others 
will  require  application  of  the 


structural- isomorphic,  pilot  model  In 
some  form  or  other. 

The  "Urgency  Adjustment  Gain 
Tolerance"  factor  can  best  be  under¬ 
stood  by  considering  two  limiting 
cases  of  controlled  element.  For  the 
first,  consider  a  Kc/s  controlled 
element  form.  .  om  the  crossover 
model  the  pilot  dynamic  characteristic 
for  this  system  will  be  a  pure  gain 
plus  effective  time  delay.  The 
closed- loop  system  for  this  case  can 
support  a  range  of  pilot  gains  which 
correspond  to  crossover  frequencies 
from  zero  to  an  octave  or  so  below 
with  only  minor  changes  In  the  basic 
dynamic  form  of  the  closed- loop  sys¬ 
tem.  In  terms  of  pilot- vehicle  system 
Input/output  characteristics  this  will 
be  approximately, 

M(s)  •  1 

I(s)  (s/wc  + 

As  the  pilot  attention  level,  urgency, 
or  aggressiveness  modifies  his  gain, 
u>c  will  increase  or  decrease,  with  the 
dominant  closed- loop  system  time  con¬ 
stant  constant,  l/wc ,  waxing  and  wan¬ 
ing  in  corresponding  fashion.  Thus, 
there  is  a  very  wide  range  of  excel  • 
lent  closed- loop  dynamic  response 
pro'  ’-ties  available  to  the  pilot 
whi  Is  easily  adjusted  In  direct 
proportion  to  his  effort.  In  the 

words  of  Fig.  1,  "pilot  compensation 
is  not  a  factor  for  desired  perfor¬ 
mance",  and  the  configuration  will  be 
highly  rated.  For  the  other  extreme 
imagine  a  set  of  effective  airplane 
characteristics  which  has  dynamics  in 
the  region  of  crossover  which  require 
precise  adjustment  of  the  pilot's 
lead- lag  equalization  and  gain  to  make 
good  the  crossover  model  and  to  close 
the  loop  in  a  stable  manner.  The 
pilot  can  exert:  closed- loop  control, 
but  the  dynamic  quality  and  even 
closed-loop  system  stability  require 
that  his  describing  function  be 
precisely  tuned  to  offset  the 
controlled  element  deficiencies.  The 
pilot's  compensation  in  this  case  will 
range  from  "considerable"  to 
"intense",  and  the  configuration 
configuration  will  be  rated  very 
poo  r l y . 
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TA^E  1 .  PILOT-VEHICIF.  SVS1EM  FACTORS  N  PTL0T  RATWG 

«  ATTENDED  CEERA1T&NG 

-  Pitot  LMtdflUeg 

-  P«ot  GiwVOpSrmari 

-  Urgency  Ajustnant  Q«n  ToCeranoe  WWxx*  Changing 
Oosed-Loop  Dynamic  Form 

-  StatoBty  Margin  Gato  Totersncaa  tociodtog  Total 
AwBfafcte  Gain  Range 

-  HO  Syndrome 

-  NaoromuacUar  System  Couping 

-  Attanttonai  Demnrxls.'tacees  Control  Capacity 

-  Ctoinxi-Loop  System  Pertxirunce 

*  UNATTENDED  OPERATIONS 

-  Ntoeefcte  Fluctuations  in  pgot-CorrtroHProctoton  Demands 

-  GquWxtontfTrim  Property  (EUacthe  "KaW  Characteristics) 


The  "Stability  Margin  Gain  Toler¬ 
ances"  factor  is  most  easily  described 
when  the  pilot-vehicle  system  is  con¬ 
ditionally  stable.  In  this  situation 
the  system  becomes  unstable  if  the 
gain  is  either  too  low  or  too  high. 
When  the  pilot  lead- lag  equalization 
is  adjusted  to  maximize  this  range 
(which  will  ordinarily  provide  cross¬ 
over  model-like  features  in  the  nomi¬ 
nal  crossover  region),  there  is  a 
"total  available  gain  range”  (TAGR) 
through  which  the  pilot  can  maintain 
some  semblance  of  closed- loop  control. 
Clearly,  the  more  narrow  this  range 
becomes  the  more  difficult  the  pilot's 
adjustment  and  the  worse  his  rating 
will  become 

The  ”PIO  Syndrome"  has  been 
introduced  in  connection  with  pilot 
lag  equalization.  When  the  pitch 
attitude  transfer  function  exhibits  a 
shelf  and  a  lightly  damped  short  per¬ 
iod  the  pilot  has  to  introduce  a  pre¬ 
cisely  located  and  tuned  i&g  or  lag- 
lead  characteristic  to  accomplish 
tight  closed- loop  control.  If  he 
inadvertently  drops  the  precision 
adjustment  of  his  equalization  and 
switches  to  a  proportional  control 
characteristic,  as  cat,  happen  when 
triggered  by  an  unexpected  major  upset 
or  need  for  divided  attention,  the 
pilot -vehicle  system  may  then  become 
unstable.  This  is  a  relatively  common 
condition  for  a  PiO,  thus  the  appal- 
lac i on 


The  "Neuromuscular  System 

Coupling"  factor  can  become  important 
when  t.he  low-frequency  effective  air¬ 
plane  dynamics  are  excellent  but  the 
closed- loop  system  gain  margin  in  the 
region  of  the  neuromuscular  actuation 
mode  (uyru  in  Fig.  1)  is  reduced.  This 
ia  covered  in  Refs.  30  and  31  The 
resulting  closed- loop  system  insta¬ 
bility  is  high  frequency,  2-3  hz .  It 
is  one  explanation  for  "roll  ratchet". 

The  "Attentional  Demands/Excess 
Control  Capacity"  factor  is  primarily 
related  to  divided  attention  opera¬ 
tions.  When  the  control  task  itself 
is  responsible  for  using  most  of  the 
pilot's  excess  control  capacity  the 
reasons  for  this  are  invariably  due  co 
factors  already  covered.  When  the 
managerial,  communication,  planning, 
and  other  non-control  tasks  consume 
too  much  of  the  pilot's  available 
attention,  pilot  ratings  will  suffer. 
The  obverse  of  this  is  that  the  effec¬ 
tive  vehicle  dynamics  must  be  very 
good  in  order  to  require  a  minimum  of 
attention.  The  ratings  for  control 
alone  should,  in  general,  be  superior, 
and  the  unattended  operations  factors 
would  be  good  as  well. 

The  last  Table  1  factor  to  be 
discussed  is  "Closed-Loop  Perfor¬ 
mance"  .  Many  facets  of  task  perfor¬ 
mance  stem  directly  from  mission 
requirements  and  are  hence  mission- 
specific.  Using  the  complete  Cooper- 
Harper  rating  sequence  (Ref.  9)  the 
status  of  the  pi  lot -vehicle  system 
relative  to  mission  requirements  is 
the  very  first  thing  the  pilot 
assesses  before  more  detailed  ratings 
are  established.  Average  error  per 
formance  in  command  and  regulation 
tasks  can  be  calculated  with  all  the 
pilot  models  once  these  inputs  are 
defined.  These  estimates  can  serve  as 
one  far;  is  for  "Closed- Loop  Perfor¬ 
mance"  in  flying  qualities  assess¬ 
ments  . 

There  are  other,  more  general  , 
closed- loop  dynamic  performance 
aspects  which  should  also  be  consid¬ 
ered  in  flying  qualities  assessments 
These  are  listed  i  n  T ah  I e  2 .  Th e 
1 1  r  s  t  two  a  r  e  s  f.  m  p  1  e  ....  a  t  e  m  e  n  t  s  o  f 
closed- loop  dynamic  response  quality 


TABLE  Z  DESIRABLE  CLOSED  LOOP  DYNAMIC  FEATUHES 

•  ADEQUATE  CLOSED  LOOP  DAMPING,  i  0.3SO .50 

•  AVOIOANCE  OF  CLOSED-LOOP  MID  FREQUENCY  DROOP, 
NUISANCE  OR  SUBSIDIARY  MODES 

•  MULTILOOP  CONTROL  VIA  SERIES  STRUCTURE  FOR 
SiNGI-E  CONTROL 

•  FREQUENCY  SEPARATION  OF  INNER,  OUTER  LOOPS 

•  COOPERATTYE/DECOU PLED  CONTROL  EFFECTORS 

•  SIMPLE  CROSSFEEDS  TO  DIRECTLY  NEGATE 
SUBSIDIARY  RESPONSES 

-  CONTROL  HARMONY 


They,  in  essence,  suggest  that  any 
second  order  dominant  closed- loop 
pilot-vehicle  system  mode  have  a  damp¬ 
ing  ratio  greater  than  0.35  to  0.5. 
The  requirement  to  avoid  a  closed- loop 
mid- frequency  droop  is  tantamount  to  a 
prescription  of  one  dominant  mode  per 
axis,  for  the  droop  will  show  up  as  an 
additional  minor  mode  with  a  longer 
time  constant.  The  Neal -Smith  cri¬ 
teria  (Ref.  32),  for  example,  call 
specific  attention  to  the  mid- fre¬ 
quency  droop  and  require  that  it  be 
less  than  3  dB  to  achieve  Level  1 
ratings.  By  way  of  example,  a  3  dB 
mid- frequency  droop  can  be  associated 
with  the  presence  of  a  minor  mode 
comprising  a  single  dipole  pair  in  the 
closed- loop  pilot-vehicle  system  (with 
the  j zero/pole j  <  1.41)  supplementing 
the  major  dominant  mode. 

The  remainii  g  two  desirable 
closed- loop  dynamic  features  are  asso¬ 
ciated  v  '  th  ’’’ulti-loop,  single  control 
axis  situ  tions.  Common  examples  of 
this  include:  1)  the  control  of  alti¬ 
tude  wherein  altitude  error  is  the 
outer  loop  feedback  and  pitch  angle  is 
an  inner  loop;  and  2)  however  con¬ 
trol,  as  shown  in  Fig.  3.  "Desirable" 
aspects  of  such  systems  Include  the 
qualitative  feature  that  a  "series" 
(rather  than  parallel)  closure  of  the 
outer  loop  Js  possible  In  the  pi.esi.nce 


of  an  inner  loop  system  which  serves 
both  independently  and  as  a  means  to 
equalize  the  outer  loop.  Thus  the 
pilot  closure  of  a  pitch  attitude  loop 
satisfies  an  attitude  control  function 
and  gives  rise  to  an  effective  outer, 
altitude  control,  loop  which  needs 
very  little  if  any  further  pilot 
equalization.  This  is  supported  in  a 
more  quantitative  sense  by  the  sugges¬ 
tion  for  the  separation  of  crossover 
frequencies  for  multiloop  systems  with 
series  pilot  elements. 

Interaxis  considerations  apply 
to  the  last  three  items  listed  in 
Table  2.  Ideally  the  control  effec¬ 
tors,  as  seen  by  the  pilot,  should  be 
cooperative  or  actually  decoupled. 
Potentially  cooperative  cases  lead 
to  the  desirable  cross feed  feature 
listed.  This  accounts  for  the  pos¬ 
sibility  possibility  of  pilot  -  induced 
crossfeeds  to  reduce  or  eliminate 
subsidiary  modes  or  response 
quantities.  A  common  example  is  an 
aileron  to  rudder  crossfeed  for  turn 
coordination.  The  last  feature  on  the 
list  of  desires  is  control  harmony, 
which  relates  primarily  to  multi-axis 
control  conditions  with  a  common  mani¬ 
pulator.  Force  and  position 
gradients,  pre-loads  and  centering 
springs  and  other  manipulator  features 
between  elevator  and  aileron  need  to 
be  in  proper  balance  so  that  the 
effective  controlled  element  gains  in 
each  axis  are  near  optima,  interaxis 
crosstalk  is  minimized,  etc.  Just  as 
with  the  setting  of  controlled  element 
optimum  gain,  control  harmony  is  a 
subject  of  experimental  determination. 

As  a  consequence  of  flying  qual¬ 
ities  analyses  using  pilot- vehicle 
analysis  to  examine  the  factors  of 
Tables  1  and  2,  the  analyst  can  deve¬ 
lop  a  set.  of  conclusions  and  arrive  at 
a  wide  variety  of  issues  and  possible 
problems.  Table  3  illustrates  the 
type  of  problems  that  might  be 
uncovered  by  such  examinations  for  the 
case  of  either  lateral -directional  or 
longitudinal  attitude  and  path 
control . 
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TNfLE  3.  TYPICAL  PILOT  CENTERED  REGULATION  PROBLEMS 

•  CLOSED-LOOP  DOMINANT  MODE  INADEQUACES 

-  T  oo  Stow 

-  tJghtty  Damped 

-  Low/MkJ  Froqtiwic.y  Droop 

-  Too  Many  Mcdos  Eowtoant 

•  ATTITUDE  CONTROL 

-  hwxtoquafa  Bandwidth 

-  inner  Outer  Loop  Equalization  Cooficl/VrtMactloo 

-  Low  Static  Gain 

-  Over-S«raittvity  to  Gato/Equatoation 
-  PATH  CONTROL 

-  Performance  Reversals 

-  Inadequate  Bandwidth 

-  Inadequate  Separatton  of  Patti  and  Attitude  Responses 

-  Difficult  or  ConHicttog  Cross  feeds/ Coupltog  Interaction 

-  Excessive  Depletion  of  Safety  Margins 

-  low  (High)  Eftecttve  Path  Gains 
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SUMMARY 

A  piloted  experiment  was  flown  using  the  institute  for 
Aerospace  Research  Bell  205A  variable  stability  helicop¬ 
ter.  The  experimental  variables  were  the  static  and  dy¬ 
namic  characteristics  of  a  conventional  centre-mounted 
cyclic  controller.  The  cyclic  controller  characteristics 
were  changed  by  varying  the  mass  and  spring  gradient  to 
provide  five  basic  cases,  while  for  each  case  the  dynamics 
of  the  stick  were  varied  to  provide  critically  damped, 
underdamped  and  overdamped  models.  Two  pilots  were 
asked  to  fly  a  variety  of  tasks  designed  to  exercise  three, 
fundamental  modes  of  helicopter  flight,  high  frequency 
stabilisation,  gross  single  axis  tasks  with  off  axis  stabilisa¬ 
tion  and  simultaneous  multi  axis  control  The  stick  sensi¬ 
tivity  was  adjusted  in  proportion  to  the  spring  gradient  to 
give  constant  static  sensitivity  with  respect  to  applied 
force.  A  first  order  filter  was  incorporated  on  an  optional 
basis  to  reduce  the  command  response  bandwidth  of  the 
roll  channel  to  the  Level  1/Level  2  boundary  of  the  ADS- 
33C  criterion  for  divided  attention  operation.  The  results 
achieved  indicate  that  cyclic  stick  characteristics  are  of 
considerably  less  importance,  than  had  been  previously 
thought,  that  large  values  of  overdamping  can  be  toler¬ 
ated  even  in  low  frequency  sticks,  but  that  underdamped 
sticks  should  be  avoided  especially  if  the  resonant  fre¬ 
quency  of  the  stick  is  close  to  an  undesirable  and  easily 
excited  aircraft  mode.  There  was  a  suggestion  that  a 
boundary  based  on  undamped  natural  frequency  also 
existed.  The  results  did  not  support  the  contention  that 
inertia  alone  is  enough  to  specify  an  acceptable/unaccept¬ 
able  houndasy  for  stick  design. 
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INTRODUCTION 

A  physical  manipulator,  operating  a  conventional 
control  run  to  move  a  control  or  signal  an  actuator,  may 
be  characterised  by  a  wide  variety  of  parameters  associ¬ 
ated  with,  and  to  a  large  extent  determined  by,  the  me¬ 
chanical  design  of  the  system.  In  the  early  days  of  the 
helicopter  the  physical  control  runs  acted  directly  on  the 
rotor  blades  and  the  forces  reflected  back  to  the  pilot 
depended  on  such  things  as  the  inertia  in  the  system,  the 
friction  characteristics  it  displayed,  the  aerodynamic 
forces  generated  by  the  rotor  blades  and  the  relative 
positions  of  the  feathering,  flapping  and  drag  hinges. 
Even  in  small  machines,  these  forces  could  become  very 
large  under  some  flight  conditions  and  moreover,  unlike 
the  situation  found  in  fixed  wing  aircraft,  they  had  no 
fundamental  relationship  to  the  stability  of  the  machine 
or  its  departure  from  trim.  This  situation  required  the 
designer  to  give  the  pilot  some  form  of  assistance  in 
changing  the  main  rotor  blade  incidence.  Initially,  a  vari¬ 
ety  of  aerodynamic  devices  were  to  be  seen  and  very  early 
in  the  life  of  the  helicopter,  powered  or  power  assisted 
controls  became  almost  universal. 

Lacking  a  basic  aerodynamic  relationship  between 
force  and  stability  early  designers  tended  to  leave  the 
cyclic  controller  with  no  force  feel  whatsoever  (the  classic 
limp  noodle).  However,  as  helicopter  design  matured  and 
particularly  with  the  advent  of  Stability  Augmentation 
Systems  and  Automatic  Flight  Control  Systems,  a  need 
arose  to  have  a  controller  which  had  reasonably  well 
defined  seif-centring  and  which  could  be  abandoned  for 
short  periods  without  its  failing  away  from  its  trimmed 
position.  Various  force  feel  systems  were  introduced,  yet 
it  is  still  possible  to  find  pilots  who  will  immediately 
disable  such  systems  and  continue  to  fly  the  limp  noodle 
until  such  time  as  they  wish  the  release  the  stick. 

Progressing  to  the  futuie,  and  anticipating  the  pro¬ 
duction  of  a  full  fly  by- wire  helicopter,  it  is  an  appropriate 
time  to  address  the  characteristics  of  the  cyclic  controller 
for  such  applications.  This  activity  is  particularly  needed 
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since  the  guidance  concerning  static  characteristics  given 
in  the  recently  published  ADS-33C|  1 1  appears  to  lx:  based 
on  very  old  data,  and  while  it  may  lx-  appropriate  for 
simple  unaugmented  helicopters,  there  Ls  no  evidence 
that  it  is  applicable  for  the  coming  generations  of  ma¬ 
chines.  Moreover,  this  document  gives  no  guidance  what¬ 
soever  as  to  the  acceptable  or  unacceptable  dynamic 
behaviour  for  such  controllers.  Dynamics  arc  mentioned 
not  at  all  in  the  section  on  Controller  Characteristics 
(3.6.1)  and  one  finds  only  a  passing  mention  of  them  in 
the  discussion  of  the  small  amplitude  response  bandwidth 
criteria  thus: 

7r  is  desirable  to  meet  this  criterion  for  both 
controller  force  and  position  inputs.  If  the  bandwidth 
for  force  inputs  falls  outside  the  specified  limits, 
flight  testing  should  be  conducted  to  determine  that 
the  force  feel  system  is  not  excessively  sluggish" 

Recent  expei imental  evidcnce[2],[3),  obtained  at  the 
Institute  for  Aerospace  Research  (IAR)  as  secondary 
observations  in  other  bandwidth  related  studies,  indicates 
that  the  force  to  attitude  bandwidth  has  less  significance 
than  was  previously  thought.  This  evidence  was  suffi¬ 
ciently  powerful  to  suggest  that  a  formal  study  of  centre- 
mounted  cyclic  controller  characteristics  should  be  un¬ 
dertaken.  This  paper  will  describe  the  initial  exploratory 
investigation  in  this  study.  While  a  complete  analysis  of 
the  experimental  results  has  not  yet  been  completed,  the 
initial  findings  are  presented  together  with  the  body  of 
in-flight  data. 

GENERAL  DISCUSSION 

If  one  considers  Figure  1  to  be  a  generic  representa¬ 
tion  of  the  full  closed  loop  task  facing  a  helicopter  pilot, 
the  stick  appears  to  be  a  discrete  dynamic  element  in  the 
system.  However,  little  is  known  in  general  terms  about 
the  exact  function  of  this  dement,  or  how  the  human  pilot 
interacts  with  it.  It  is  not  even  clear  whether  the  pilot  and 
stick  should  be  considered  separate  elements  or  whether 
they  behave  as  a  single  entity. 


Figure  1:  Genetic  Helicopter  Piloting  Task 

There  exists  a  considerable  body  of  work  relating  to 
manipulators  for  fixed  wing  applications.  This  ranges 
from  the  early  work  of  McRuer  and  Magdelano{4J.  and 
McRucr  and  KrendelfS]  on  human  pilot  dynamics, 


through  the  experimental  work  performed  by  a  variety  of 
investigators  on  the  Calspan  NT-33A  to  the  comprehen¬ 
sive  analysis  of  Johnston  and  Aponso[6|.  The  majority  of 
this  work  concentrates  on  roll  tracking  performance,  gen¬ 
erally  as  a  single  axis  task  and  while  it  provides  excellent 
insight  into  the  behaviour  of  the  human  neuromuscular 
sub  system  in  a  task  of  great  importance  in  fixed  wing 
flying,  it  docs  not  address  those  open  loop  or  prc-cogni- 
tivc  inputs  used  by  pilots  to  perform,  or  at  least  initiate 
gross  manoeuvring  tasks. 

The  practice  in  the  fixed  wing  world  of  considering 
the  roll  and  pitch  axes  separately  is  quite  understandable 
and  well  established  as  a  valid  procedure.  In  fixed  wing 
aircraft  the  two  axes  arc  almost  completely  dc-oouplcd, 
have  quite  different  natural  response  types  and  control 
responses  that  can  vary  one  from  the  other  by  over  an 
order  of  magnitude.  The  helicopter,  using  the  same  force 
or  moment  generators  in  both  pitch  find  roll  has  the  same 
response  type  in  each  axis  and  response  magnitudes  that 
vary  only  by  the  ratio  of  the  moments  of  inertia  about  the 
X  and  Y  axes,  typically  1:3  in  a  single  rotor  helicopter. 

The  piloting  task  in  the  helicopter  is  quite  different 
from  that  in  a  fixed  wing  aircraft;  it  Ls  frequently  required 
to  control  pitch  and  roll  simultaneously  in  similar  and 
coordinated  ways.  Moreover,  the  helicopter  pilot  at  and 
around  the  hover  is  rarely  faced  cither  with  a  single  axis 
task,  or  with  the  need  for  sustained  tracking  (excepting 
that  precision  hover  has  many  of  the  attributes  of  the  high 
frequency  portions  of  a  tracking  task).  These  coasidera- 
tions  may  explain  why  there  is  a  relative  paucity  of  previ¬ 
ous  work  on  manipulator  characteristics  relating  to 
helicopters.  However,  during  the  course  of  this  experi¬ 
ment  a  new  work.  Reference  [7],  was  published,  which 
contained  flight  and  ground  based  simulation  data  relat¬ 
ing  to  roll  axis  stick  characteristics  in  a  classic  single  axis 
experiment.  Since  the  data  acquired  at  the  IAR  to  that 
point  did  not  seem  to  correlate  with  those  published  in 
that  paper,  it  was  decided  to  add  a  roll  regulation  task  to 
this  study.  The  purpose  in  so  doing  was  to  try  to  determine 
if  the  tasks  used  were  responsible  for  any  divergence  in 
observations  or  whether  other  factors  were  involved. 

THE  AIRBORNE  SIMULATOR 

The  Flight  Research  Laboratory  (FRL)  of  the  IAR 
operates  a  variable  stability  Beil  205A,  known  as  the 
Airborne  Simulator.  The  aircraft  has  been  extensively 
modified  for  this  role  in  such  a  way  that  in  its  fly-by-wire 
mode  the  right  seat  pilot  creates  inputs  to  a  high  speed 
computing  system  which  in  turn  drives  full  authority  high 
bandwidth  dual-mode  actuators.  A  comprehensive  set  of 
state  sensors  is  used  to  derive  feed-back  signals  to  create 
the  desired  aircraft  responses  in  all  axes,  A  safety  pilot  in 
the  left  seat  has  conventional  controls  mechanically 
linked  to  the  same  actuators.  The  flight  control  computers 
operate  at  64  Hz  (a  15.625  ms  cycle). 

Evaluation  Pilot’s  Controllers 

The  cyclic  stick  and  rudder  pedals  at  the  evaluation 
pilot's  station  are  themselves  simulations,  based  on  the 
well  known  force  feed-back  principle.  The  for  ces  applied 
by  the  pilot  are  fed  to  a  dedicated,  purpose  built  analogue 


computer  which  computes:  stick  acceleration,  velocity  and 
position  and  uses  these  signals  to  position  hydraulic  actu¬ 
ators  attached  to  the  controllers.  Both  the  main  control 
linkage  and  a  backlash  element  can  be  modelled  on  this 
system.  The  following  parameters  are  variables  in  the 


analogue  computation: 

a.  Backlash 

Extent 

Inertia 

Spring  gradient 
Coulomb  friction 


S».  Main  linkage 
Inertia 

Viscous  damping 
Spring  gradient 
Coulomb/static  ratio 
Static  Friction 
Break-out  force 
Hard-stop  limits 
Symmetry 


For  this  study  a  simple  second  order  stick  was  approxi¬ 
mated  within  the.  capabilities  of  the  analogue  computa¬ 
tion  by  setting  the  Extent  of  the  Backlash  model  to  zero 
and  setting  all  the  main  linkage  variables  to  zero  with 
the  exception  of  Inertia,  Viscous  damping,  Spring  gradi¬ 
ent  and  Hard-stop  limits.  For  cases  requiring  an  isomet¬ 
ric  stick  the  Hard-stop  limits  were  also  set  to  zero 

Aircraft  Control  Systems 

Yaw  and  Collecti  ve.  Yaw  control  was  rate  command, 
heading  hold  at  the  hover,  blending  into  turn  coordination 
as  the  IAS  passed  through  40  kt  accelerating  and  return¬ 
ing  to  rate  command  heading  hold  at  35  kt  decelerating. 
Collective  control  was  direct  drive,  scaled  one  for  one 
with  the  standard  Bell  205  control. 


Pitch  and  Roll.  Both  pitch  and  roll  were  rate  com¬ 
mand  systems,  identified  by  frequency  sweep  analysis  as 
being: 


A.s  will  be  seen  in  later  figures,  this  had  the  required 
effect  and  since  only  the  command  path  was  modified 
while  the  disturbance  rejection  characteristics  of  the  plant 
remained  unchanged,  any  changes  in  pilot  opinion  be¬ 
tween  the  filtered  and  ua-filtered  cases  can  be,  attributed 
entirely  to  the  change  in  the  quality  of  the  command 
control  system  and  not  to  any  change  in  the  task  content 
due  to  a  difference  in  the  aircraft’s  gust  response. 

Lateral  Model  Following  Control  System 

To  replicate  the  experiment  described  in  Reference 
[7|  as  closely  as  possible,  a  model  following  control  system 
was  built  in  the  lateral  channel  only,  this  was  a  relatively 
crude  design  based  on  the  scheme  shown  in  Figure  (2), 


Assuming  a  very  simple  first  order  model  of  the  Bell 
205  A  to  be: 
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This  resulted  in  values  of  bandwidth  and  Tau-p  well 
within  the  ADS-33C  Level  1  specification  in  both  chan¬ 
nels.  To  avoid  excessive  length,  only  the  roll  channel  will 
be  discussed  in  detail,  it  being  understood  that  the  pitch 
chaunel  remains  in  the  same  relative  relationship  to  the 
roll  channel  at  all  times.  The  HQR  assignments  refer  to 
the  entire  aircraft,  ho  ever,  not  simply  to  the  roll  axis. 

As  an  addition  to  the  basic  inner  loop,  a  first  order 
filter  was  designed  to  bring  the  command  response  of  the 
roll  channel  onto  the  Level/Level  2  boundary,  giving  a 
transfer  function : 
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(  8.66  \ 
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53.7 _ 

s  (s  4  4.5) 
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from  which 

(  s2  4  Lp  s)  _  (pc  4  Lppc) 
n  U  Li  ~  {) 

The  gains  G«>  and  Gp  were  set  empirically  (based  ou 
existing  knowledge  of  the  Airborne  Simulator)  to  1.25  and 
2.0  respectively.  This  system  proved  to  have  fairly  good 
model  following  properties,  identified  by  the  Bode  plot  at 
Figure  (3) 

Driving  this  system  with  a  command  model  (Eqn  (1) 
without  the  delay  element)  raised  no  problems,  the  model 
rolling  acceleration  and  roll  rate  were  passed  d,  ectSy  to 
the  forward  feed  function  but  applying  a  sum  of  sine  waves 
disturbing  function  proved  difficult.  The  second  deriva- 
live,  (  ~  a>  Sin  (cot)  )  of  the  function  reaches  excessively 
high  values  for  direct  drive  of  the  aircraft’s  actuators  even 
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Figure  3:  Model  Following  Performance  Phl/Conirr  and 


when  scaled  by  the  weighting  array  shown  later.  It  was 
therefore  necessary  to  scale  this  component  by  0.25. 


MET  'ODOLQGY 


Sttck  Design 


While  a  conventional  physical  control  system  consists 
of  a  variety  of  both  linear  and  non  linear  elements,  there 
is  no  a  priori  reason  why  a  controller  for  a  modern  heli¬ 
copter  should  have  similar  characteristics  or  that  they 
should  share  the  same  relative  magnitudes.  Since  this  first 
experiment  was  exploratory,  it  was  decided  to  use  a  very 
simple  second  order  model,  the  only  non  linear  clement 
in  I  'm  controller  being  hard  stops  at  full  travel  and  these 
arc  reached  only  during  slope  landings.  Stick  models  were 
built  based  on  the  classic  mass,  spring,  damper  system,  the 
variables  being  inertia,  spring  gradient  and  damping  co¬ 
efficient.  The  mass,  spring,  damper  system  may  be 
charac  lerised  by: 

/i=  -  Kux  -  Kvx  +  Fm(t)  (?) 


This  is  usually  easier  to  use  in  transfer  function  form 
when  it  becomes: 

x(s)  __  _  _  1/7 _ 

^•(s)  s2  +  (K  v//)y  +  Kt/I  ^ 

Which  may  be  written  in  the  standard  form: 

x  (s)  _  1  // 

XCsj  “ *  2  4  2$  m»7  +  ml  (9) 

by  writing  wn  =  vrfX*77T  and  £  ~  Kv/2  VfKs  7)  . 

When  considering  the  rel.  iocship  between  the 
human  operator  and  the  controller  he  has  to  manipulate, 
it  becomes  dear  that  he  has  to  adapt  to  both  the  static  and 
the  dynamic  characteristics  of  that  controller  In  this 
sense,  the  static  characteristics  can  be  described  simply 
by  the  force  gradient  and  the  displacement  So  controlled 
element  relationship  embodied  in  the  system.  However, 


to  make  all  the  possible  elements  variables  would  have 
made  the  experimental  matrix  too  large  and  unwieldy  for 
a  single  experiment.  It  was  therefore  decided  to  use  a 
variety  of  controllers  having  different  spring  gradients, 
but  a  constant  applied  force  to  swashpiate  angle  gam  under 
static  conditions.  This  was  achieved  by  applying  a  gain  to 
the  stick  position  signal  consisting  of  the  product  of  a 
coastant  sensitivity  gain  Gs  and  the  spring  gradient  value 
K«,  making  the  transfer  function  of  Eqn  (9)  liecome: 


W  ■^  +  2&«nf+«Sj 

which  has  constant  zero  frequency  gain  for  all  and  £ . 

While  this  has  the  effect  of  not  requiring  additional 
sustained  applied  force  on  the  part  of  the  pilot  as  spring 
giadient  was  increased,  it  nevertheless  reduced  the  mag¬ 
nitude  of  the  biokinaesthetic  feedback  cues  av,  liable  to 
him.  (Note  that  when  using  a  Rate  Command  control 
system  it  is  necessary  to  ensure  that  the  pilot  has  full 
control  over  the  swashpiate  angle  at  steady  state  to  permit 
normal  off-leve!  operations).  The  limiting  case  here  is  the 
isometric  stick,  and  an  isometric  model  was  used  in  the 
experiment. 

Three  spring  gradients  were  used  for  the  displace¬ 
ment  controllers,  1.5,  3  and  9  lb/in  respectively.  These 
were  chosen  on  the  basis  of  experiences  at  the  I AR  during 
previous  experiments  using  high  gain  feed-back  control 
systems  in  the  Airborne  Simulator.  It  has  been  observed 
that  the  very  light  (0.5  to  1.0  lb/in)  spring  gradients  typi¬ 
cally  used  with  unauginented  or  lightly  rate  damped  con¬ 
figurations  were  too  prone  to  bio-inertial  pick-up  to  be 
suitable  for  use  with  high  gain  feed-back  systems.  These 
gradients,  read  in  conjunction  with  equation  (10)  above 
led  to  a  selection  of  Gs  to  make  the  stick  deflections  for 
full  swashpiate  deflection:  ±  7.5  ,±3.75  and  ±  1.25  in  re¬ 
spectively,  which  may  be  compared  to  the  ±  6.5  in  found 
in  the  standard  Bell  205A. 

Three  inertia  settings  were  used  in  combination  with 
these  spring  gradients  to  provide  five  basic  cases  (La¬ 
belled  0  to  4)  of  different  undamped  natural  frequencies. 
For  each  Case  the  magnitude  of  the  viscous  damping 
coefficient  was  varied  to  alter  the  damping  ratio  of  the 
stick.  Three  damping  levels  were  used  at  each  Case, 
underdampe  J  (U),  critically  damped  (C)  and  overdam¬ 
ped  (S).  Note  that  limitations  in  the  stick  computer  pre¬ 
vented  the  realisation  of  an  overdamped  model  in  Care  3. 

The  immense  complexity  of  the  Airborne  Simulator’s 
stick  model  made  the  use  of  nominal  values  of  the  j>oten- 
tiometers  inaccurate  in  setting  mode!  parameters,  how¬ 
ever,  the  settings  used  were  repeatable  to  very  close 
tolerances  and  the  final  stick  models  were  documented  by 
the  frequency  analysis  of  undamped  free  oscillation  and 
hand  excited  frequency  sweeps.  The  results  of  this  docu¬ 
mentation  are  shown  in  Table  1,  while  Figure  (4)  shows 
the  results  of  'he  free  oscillation  tests  and  Figure  (5)  gives 
an  example  of  case  documentation  frequency  sweep  anal¬ 
ysis. 

Isometric  Cases.  Output  from  the  isometric  stick  was 
passed  through  a  second  order  digital  filler  to  provide  a 


Case 

Mass 

OJn 

£ 

i  C 

tl.if/in 

slug 

r/s 

ms 

Displacement  Sticks 

OC 

15 

0.610 

5.4 

0.58 

210 

0$ 

1.02 

377 

6U 

0.22 

82 

1C 

3.0 

0.424 

9.2 

0.75 

162 

IS 

1.16 

252 

1U  : 

0.34 

74 

2C 

3.0 

0.184 

13  S) 

0.67 

96 

2S 

1.21 

146 

2U 

0.26 

37 

3C 

90 

0336 

17.9 

0.71 

79 

3U 

032 

36 

4C 

9.0 

0.157 

263 

0.82 

63 

4S 

1.72 

131 

4U 

0.37 

28 

Isometric  Sticks 

SO 

16 

0.707 

88 

SI 

12 

0.707 

118 

S2 

8 

0.707 

177 

S4 

4 

0.707 

353 

Table  1  Summary  of  Stick  Configurations 
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Figure  4:  Free  Oscillation  Analysis,  lateral 
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Figure  5:  Sample  Stick  Documentation,  Case  1 


similar  range  of  dynamic  lags  as  were  available  from  (he 
displacement  models.  Four  cases  were  used,  labelled 
S0,S1,S2  and  S4,  having  filter  break  points  set  at  16,12,8 
and  4  rad/sec  respectively.  These  cases  ate  also  listed  in 
the  Tabic. 

Total  Aircraft  Responses 

Figures  (6)  and  (7)  show  the  experimental  array  of 
force  response  configurations  on  the  map  of  bandwidth 
andTau-p,  the  position  of  the  displacement  bandwidth  is 
also  shown  for  both  the  filtered  and  unfiltered  cases.  All 
cases  were  documented  by  the  analysis  of  hand  flown 
frequency  sweeps  and  all  were  phase  margin  limited. 
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Figure  6:  Case  Positioning  Map,  Unfiltered 
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Figure  7:  Case  Positioning  Map,  With  Filter 


Tasking 

Geieiui  Hover  Manoeuvring.  Particularly  at  low 
speed  or  at  the  hover,  helicopter  piloting  tasks  can  be 
considered  to  be  of  one  of  three  types,  high  frequency 
stabilisation,  gross  single  axis  control  with  off  axis 
stabilisation  and  simultaneous  multi  axis  control  and 
stabilisation.  A  set  of  tasks  was  used  for  this  experiment 
to  exercise  these  modes  of  operation,  they  comprised 

Precision  Hover  Precision  Landing 

AcceLrat  c/S!op  Pirouette 

Lateral  Sidestep  Hesitation  Turn 

Off  Level  Landing/T&ke  Off 


The  details  of  how  the  pilots  were  asked  to  perform 
these  tasks  and  the  "Desired  Perforina~-~"  limn  are 
shown  in  detail  at  Appendix  A.  Adequate  perforin ance 
was  accepted  as  being  that  the  task  could  be  accomplished 
in  a  safe  manner.  The  tasks  were  flown  as  a  continuous 
exercise,  taking  between  350  and  700  seconds  to  accom¬ 
plish  and  the  pilots  were  asked  to  perform  the  sequence 
a  minimum  of  two  times  betorc  apply 'ng  Cooper 
Harper[8j  ratings  (CUR)  to  the  individual  t  asks.  Repeats, 
of  the  entire  sequence  or  of  specific  tasks,  were  p  ■  the 
evaluation  pilot’s  discretion.  TLe  various  stick  models 
were  presented  in  a  pseudo  random  sequence  and  the 
pilots  were  unaware  of  the  stick  characteristics  until 
hortly  before  the  fly-by-wire  system  was  engaged.  Before 
commencing  each  set  of  evaluations  the  pilots  were  per¬ 
mitted  a  period  of  free  manoeuvring  to  adjust  to  the  new 
stick. 

Lateral  Tracking  Task.  A  later? ’  regulation  task, 
driven  by  the  same  attitude  disturbing  function  as  defined 
its  Reference  [7],  was  installed  in  the  Airborne  Simulator. 
The  disturbing  signal  used  the  weighted  sum  of  9  discrete 
sine  wave  frequencies  (Reproduced  for  completeness  in 
Table  2). 


The  roll  disturbing  function  was: 
9 

<pd  -  3.42  Sin(w,t ) 

i-J 

7  he  values  of  coj  and  at  were: 


1 

£0j 

at 

1 

0.47 

1.0 

2 

0.70 

1.0 

3 

1.16 

1.0 

4 

1.86 

0.5 

5 

3.49 

0.2 

6 

6.98 

0.05 

7 

11.17 

0.025 

8 

13.96 

0.015 

9 

18.62 

0  010 

Table  2:  Disturbing  Function  Details 


Since  the  control  system  for  this  experiment  was  of 
the  rate  command  type  it  was  not  possible  to  dnve  the 
aircraft  with  the  attitude  signal  itself,  the  derivative,  being 
used  in  its  place.  The  task  was  flown  at  the  hover  and  t  he 
pilots  were  required  to  maintain  wings  level  Jurii  g  ihe 
disturbances.  Following  Reference  [7J,  a  pilot  warm-up 
period  was  followed  by  several  27  second  recorder  runs. 

Since  this  task  was  not  particularly  close  in  form  to 
that  described  in  Reference  [7],  a  second  version  was 
implemented  using  the  model  following  control  system 
described  earlier.  In  this  case,  the  task  was  flown  under 
simulated  IMC  and  provision  was  made  to  permit  the 
evaluation  pilot  to  see  either  the  true  aircraft  attitude  or 


the  model  attitude.  Since  it  is  not  possible  to  operate  in  a 
split  axis  system  in  the  Airborne  Simulator  the  evaluation 
pilot  was  obliged  to  fly  the  entire  aircraft.  However,  his 
off  axis  tasks  were  made  easier  by  making  the  pitch  re¬ 
sponse  -  ttitude  command  and  flying  the  exercise  at  60  kt 
IAS  well  clear  of  ?he  ground  so  that  a  fixed  collective 
setting  could  be  used. 

Evaluation  Pilots 

The  evaluation  pilots  in  this  study  were  two  I AR  staff 
pilots,  both  of  whom  are  experienced,  military  trained  test 
pilots.  Pilot  A  has  a  total  flight  time  of 9800  hours  of  which 
1400  were  in  helicopters  while  Pilot  B  (total  flight  time 
4450  hours)  has  recently  been  cross-trained  to  rotary 
winged  aircraft  and  had  only  125  hours  in  helicopters  at 
the  end  of  the  experiment. 

RESULTS 

Piloting  Techniques 

The  two  pilots  displayed  quite  different  techniques  in 
flying  the  Airborne  Simulator  in  this  exercise.  Pilot  A 
always  took  a  full  handed  grip  on  the  cyclic  controller, 
with  the  rear  of  the  hand-grip  in  contact  with  the 
thumb/bdex  finger  cusp,  while  Pilot  B  held  the  stick 
almost  at  the  bottom  of  the  gr  ip  using  only  the  forward 
portion  of  his  fingers.  Pilot  A  made  his  control  inputs  with 
forearm  and  wrist,  while  Pilot  B  appeared  to  make  small 
amplitude  inputs  with  his  fingers,  reserving  the  larger 
muscle  groups  for  large  inputs.  Pilot  B  frequently  com¬ 
mented  that  he  preferred  the  high  gradient  sticks  (Cases 
3  and  4)  to  the  others  because  he  preferred  not  to  make 
large  displacement  inputs. 

Handling  Qualities  Evaluations 

General  Hover  Manoeuvring.  The  complete  set  of 
Cooper  Harper  ratings  obtained  during  this  experiment 
are  given  at  Appendix  B  while  Figures  (8)  and  (9)  give  an 
overall  appreciation  of  the  results  as  an  average  of  CHR 
for  ail  tasks  for  both  the  unfiltered  displacement  stick  and 
the  isometric  controller.  To  avoid  clutter,  the  results  ob- 
ti  ined  from  the  two  pilots  are  plotted  separately. 
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Figure  8:  Average  CHR,  All  Tasks,  Pilot  A,  No  Filler 


Significant  points  of  interest  are  the  Level  2  ratings 
assigned  well  within  the  l  evel  1  boundary  by  both  pilots. 
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Figure  9:  Average  CHR,  All  Tasks,  Pilot  B,  No  Filter 
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Figure  10:  Cases  3U  and  4U  by  Task 


These  occurred  in  the  cases  of  the  high  frequency,  un- 
derdamped  sticks  (Cases  3U  and  4U)  and  were  caused  by 
the  pilot/stick  coupling  with  the  Bell  205  mast  rocking 
inode  of  oscillation.  This  type  of  coupling  is  not  uncom¬ 
mon  in  this  aircraft  and  results  in  a  disturbing,  occasion 
ally  divergent  oscillation  at  about  15  rad/sec  with  the  pilot 
sometimes  having  to  abandon  the  controller  to  permit  it 
to  damp  out.  It  is  interesting  to  note,  though,  that  if  these 
average  ratings  are  examined  by  their  components  (Fig¬ 
ure  10)  it  can  be  seen  that  the  sticks  were  well  liked  except 
in  those  tasks  which  induced  the  coupling.  Generally  the 
Level  3  ratings  were  assigned  when  the  coupling  was  so 
severe  that  the  pilot  felt  obliged  to  relinquish  the  cyclic 
controller  for  a  short  period  to  allow  it  to  damp  out  before 
resuming  the  task.  Pilot  comments  concerning  the  Level 
2  assignments  indicated  that  the  CHR  4’s  were  because 
the  coupling  was  "nibbling  at  me"  or  "I  feel  that  it  is  just 
about  to  bite",  Level  2  ratings  numerically  higher  than  this 
were  caused  by  the  coupling  taking  place  but  damping  out 
without  the  pilot  having  to  abandon  contiol,  yet  causing 
him  to  reduce  his  desired  level  of  aggression. 

Apart  from  the  cases  discussed  above,  the  CHR  as¬ 
signed  to  the  displacement  sticks  are  dominantly  Level  1, 
even  when  the  force/attitude  bandwidth  and  Tau-p  are 
almost  on  the  Level  2/Level  3  boundary.  Note  that  in 
Figure  6  Pilot  A  assigns  NO  Level  2  ratings  to  any  but  the 
Cases  mentioned  above,  Pihit  B,  however,  produces  two 
average  (.'HR’s  at  level  2  (One  4.4,  one  a  marginal  3.6), 


both  for  the  very  low  frequency  stick.  His  comments 
indicate  that  the  4.4  average  was  due  to  a  sensation  of  the 
stick  "fighting back"  while  the  3.6  (three  CHR  3,  four  CHR 
4)  was  because  he  disliked  having  to  make  physically  large 
inputs  to  achieve  the  desired  response.  His  evaluation  of 
the  third  version  of  Case  0  was  very  similar  to  that  of  the 
other  two,  and  equally  marginal  (four  CHR  3,  three  CHR 
4). 

In-Line  Filter.  Placing  a  first  order  filter  between  the 
stick  displacement  signal  and  the  input  to  the  inner  loop, 
which  brought  the  command  response  characteristics  of 
the  plant  onto  the  Level  1/Level  2  boundary  of  the 
Bandwidth/Tau  p  criterion  had  the  effect  of  degrading 
the  handling  qualities  to  a  borderline  Level  1/2  (as  shown 
in  Figure  (11)).  Since  this  is  what  would  be  predicted  by 
the  positioning  of  the  plant  it  would  appear  that  the 
quality  of  the  command  responses  dominated  the  stick 
characteristics.  Even  when  the  force/attitude  characteris¬ 
tics  place  the  model  well  into  the  Level  3  area,  one  pilot 
still  considers  it  to  be  Level  1,  while  the  other  places  it  just 
over  the  Level  1  boundary. 
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Figure  1 1:  Average  CHR,  All  Tasks,  With  Filter 


Isometric  Stick.  As  can  be  seen  clearly  in  Figures  (8) 
and  (9)  the  Cooper  Harper  ratings  for  the  isometric  cases 
follow  closely  the  anticipated  values  predicted  by  the 
bandwidth  criterion.  This  confirms  previous  studies 
which  have  shown  that  delays  downstream  of  the  stick  and 
for  which  the  pilot  can  not  compensate  sub-consciou.sly 
will  affect  the  handling  qualities  of  the  vehicle. 

Lateral  Regulation  Task.  Figures  (12)  and  (13)  show 
the  CHR  and  tracking  performance  results  from  the  ver¬ 
sion  of  this  task  in  which  the  aircraft  was  driven  by  the 
derivative  of  the  attitude  disturbance  function,  while  Fig¬ 
ures  (14)  and  (15)  refer  to  the  version  in  which  a  mode! 
following  control  system  was  used  and  the  pilot  was  under 
simulated  IMC.  For  ease  of  comparison  with  other  stud¬ 
ies,  these  plots  have  Equivalent  Time  Delay  (LTD),  de¬ 
fined  as  (*e  =  2£/a<n  )  on  the  horizontal  axis.  It  should  be 
noted  that  this  is  specifically  the  Equivalent  Time  Delay 
of  the  stick,  not  the  entire  aircraft. 
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Figure  13:  SD  Bank  Angle  Error,  Hover 


3.8 

3 

2.6 


80  &*nfe  Error  (dog) 


X  X  n 

n*c£ 
eu  «c 

4U 


n 


8 

1M 


8 

os 


1.6  h 


1  - 

0.6 

0L 


l_a  ah 


□  Aire  raft  X  I4o4»< 


too  200  300 

Equivalent  Ti  ne  Delay  (ms) 
Figure  15:  SD  Bank  Angle  Error,  1MC 


DISCUSSION  OF  RESULTS 

Introduction 

One  of  the  difficulties  in  trying  to  determine  the  effect 
of  stick  characteristics  on  the  handling  qualities  of  an 
aircraft  is  that  one  can  not  be  certain  as  to  which  domi¬ 
nates,  the  stick  or  the  quality  or  type  of  the  vehicle’s 
responses.  It  has  been  clearly  shown  (References  [9j,[2j) 
that  changing  the  bandwidth  or  phase  delay  of  the  com¬ 
mand  response  or  changing  the  response  type  can  have  a 
dramatic  effect  on  the  handling  qualities  evaluations  of 
the  vehicle.  Were  this  not  so,  the  ADS-33C  bandwidth 
criteria  would  not  exist.  Accepting  this,  the  results  of  this 
study  can  only  lie  taken  to  apply  to  an  aircraft  with  a  high 
quality  R  A  TE  COMMAND  control  system.  Not  only  is  it 
uncertain,  but  from  empirical  knowledge  unlikely,  that 
the  same  results  would  obtain  for,  say,  an  ATTITUDE 
COMMAND  system.  The  general  evidence  from  this 
experiment  is  that  the  aircraft’s  characteristics  dominate 
those  of  the  stick,  the  lesson  here  Ls  that  research  of  this 
nature  should  only  be  undertaken  if  a  plant  of  adequate 
quality  is  available. 

Genera!  Hover  Manoeuvring 

Displacement  Sticks.  The  CHR  assigned  for  these 
tasks  reveals  two  possible  boundary  conditions  for  centre 
mounted  cyclic  configurations.  Both  at  high  and  low  fre 
queneies  there  is  an  indication  that  underdamped  sticks 
should  be  avoided,  albeit  for  different  reasons.  One  the 


evaluators  appeared  to  find  a  boundary  based  on  low 
undamped  natural  frequency. 

The  high  frequency  sticks  with  low  damping  ratios  ai  e 
susceptible  to  excessive  bio-inertial  feedback  and  possibly 
neuio-muscular  resonance  as  described  in  Reference  [6], 
while  at  low  frequency  (from  pilot  comment  rather  t^an 
CHR)  the  sensation  of  a  bob-  weighted  stick  is  present  1 
should  he  avoided.  All  underdamped  second  order  sys¬ 
tems  will,  of  course,  ’ring’  after  an  abrupt  input  but  at 
frequencies  of  9  rad/sec  or  higher  this  ringing  appears  to 
be  undetected  by  the  pilots,  while  they  were  definitely 
aware  of  it  with  the  5.4  rad/sec  stick.  Although  the  cou¬ 
pling  with  the  Bell  205  "Mast  Rocking"  oscillation  noted 
during  this  experiment  is  aircraft  type  specific,  it  is  likely 
that  all  helicopters  will  have  excitable  oscillatory  modes 
at  frequencies  low  enough  to  be  triggered  by  pilot  activity, 
voluntary  or  otherwise. 

Pilot  B,  the  naive  subject  also  considered  the  lowest 
frequency  stick  to  be,  at  best,  marginally  Level  1  and  his 
opinion  should  prof /ably  dominate.  One  of  the  difficulties 
associated  with  handling  qualities  research  using  very 
experienced  pilots  as  subjects  is  that  they  have  probably 
already  adapted,  as  a  matter  of  past  necessity,  to  quite 
unsatisfactory  systems.  That  Pilot  A  in  this  study  was  not 
aware  of  any  problem  in  having  to  move  the  cyclic  stick 
through  large  deflections  in  routine  tasks,  while  his  less 
experienced  colleague  found  this  requirement  quite  irk 
some  and  commented  frequently  on  it.  is  undoubtedly  a 
laarefcstation  of  such  adaptation. 


Isometric  Sticks.  Comparing  data  from  the  displace 
merit  and  isometric  sticks,  it  becomes  dew  that  the  pilots 
were  using  the  motion  cues  in  the  displacement  control¬ 
lers  to  very  good,  indeed  dramatic,  effect.  One  of  the 
reasons  for  selecting  such  a  high  stick  grad.cnt  as  9  Ib/in 
was  in  an  attempt  to  determine  at  what  point  the  motion 
cues  failed  to  provide  the  pilot  with  useful  feed-back  In 
this  the  experiment  failed,  since  the  two  Cases  with  high 
spriug  gradient,  Cases  3  and  4  remained  solidly  Level  tr 
unless  underdamped,  even  in  the  presence  of  a  st'fk  filter. 
It  will  be  necessary  to  extend  the  range  of  sprn  g  gradients 
in  future  experiments  to  define  such  a  limit. 

Roll  Regulation  Task.  While  reading  the  literature  of 
roll  tracking  or  roll  regulation  experiments  under  sii..u- 
lated  IMC,  one  finds  two  main  techniques  used  in  tasking 
the  pilot.  Either  ?.  display  of  ’attitude’  is  disturbed  and  the 
pilot  is  required  to  restore  it  to  trim,  or  a  symbol  of  some 
kind  is  perturbed  and  the  pilot  has  to  control  attitude  to 
restore  it  to  a  null.  These  can  both  be  compensatory 
tracking  tasks  (depending  on  symbol  dm  S)  and  in  a  fixed 
base  simulator  arc  probably  identical  as  far  as  pilot 
behaviour  is  concerned.  In  the  air,  however,  they  are  far 
from  identical.  If  the  aircraft  is  disturbed,  the  pilot  re¬ 
ceives  vestibular  and  inertial  cues  two  integrations  in 
advance  of  the  attitude  disturbance,  while  if  a  display 
symbol  is  driven  he  has  only  his  visual  cues  on  which  to 
rely.  In  compensating  for  aircraft  external  disturbances 
pilots  typically  react  to  the  inertial  cues  with  open  loop 
pulse  inputs,  proportional  in  magnitude  to  the  severity  of 
the  accelerations  detected.  Thus  a  corrective  input  is 
made  before  the  aircraft  has  moved  sufficiently  to  pro¬ 
duce  a  significant  attitude  change.  In  the  helicopter  pilot 
in  particular  this  is  a  highly  trained  reaction  for  without  it 
maintaining  a  precise  hover  in  turbulent  conditions  would 
be  impossible.  The  implication  of  this  is  that  great  caution 
should  be  exercised  in  comparing  data  taken  from  fixed 
base  simulation  or  ’null  the  symbol’  flight  experiments, 
with  data  from  experiments  of  the  type  conducted  here. 

Roll  Regulation  at  the  Hover.  The  HQR  data 
achieved  in  this  task  indicate  no  significant  change  from 
those  assigned  :n  the  general  hover  manoeuvring  phase 
lor  tasks  with  the  same  general  frequency  content.  They 
are,  however,  somewhat  at  variance  with  the:  data  from 
those  tasks  containing  large  discrete  manoeuvres  and  did 
not  discover  those  shortcomings  in  the  stick  models  re¬ 
vealed  by  such  tasks.  In  this  task,  the  majority  of  cases  of 
the  unfiltered  sticks  at  e  considered  to  be  Level  1  by  both 
evaluators,  while  again  PL'ot  B  shows  his  dislike  for  the 
very  low  frequency  stick.  That  the  filtered  cases  fall  just 
over  the  Level  1  HQR  boundaiy  is  again  considered  to  be 
due  to  the  command  resjionse  having  repositioned  to  the 
Level  1  boundary  on  the  bandwidth  criterion.  This  is 
strongly  supported  by  the  fact  that  the  filtered  cases  drop 
quite  early  to  Level  2  but  are  then  assessed  as  an  almost 
constant  CHR  4  despite  the  equivalent  time  delay  increas¬ 
ing  from  about  130  ms  to  37/  ms.  This  must  suggest  that 
tV  oiiot  is  not  aware  of  the  increasing  time  delay  in  the 
st:  and  is  not  consciously  compensating  for  it.  Pilot 

perim  manre,  as  measured  by  the  standard  deviation  of 
back  angle  error,  degrades  with  increasing  stick  ETD 


from  about  1.6  deg  to  2.4  deg  for  the  unfiltered  sticLs  and 
from  about  2.0  deg  to  3.1  with  tin.  in-line  filter.  It  is 
possibly  significant  that  in  all  cases  for  which  data  were 
taken,  the  roll  errors  are  less  with  the  critically  damped 
sticks  than  with  the  underdamped  versions,  another  argu¬ 
ment  ^gaiset  using  underdamped  controllers. 

Roll  Regulation  Under  Simulated  IMC.  The  HQR 
assigned  in  this  task  are  remarkably  similar  to  those 
achieved  during  the  same  task  rt  the  hover,  despite  a 
difieren*  tack  implementation  and  although  the  pilot  was 
now  limit -i  to  an  instrument  display  for  aircraft  control, 
■lie  majority  cl  cases  are  still  considered  to  be  Level  1  but 
there  are  insufficient  data  to  determine  whether  present¬ 
ing  the  pilot  with  the  actual  aircraft  state  or  the  model 
state  is  of  importance  or  not.  Pilot  performance  in  the 
IMC  task  is  slightly  poorer  at  the  low  ETD  than  when  at 
the  hover,  but  is  much  the  same  at  high  ETD.  This  is 
probably  a  function  of  the  poorer  cues  available  to  him 
under  IMC  and  that  disturbance  recognition  was  more 
significant  when  the  stick  lags  were  low. 

General  Comparison.  A  general  comparison  be¬ 
tween  both  the  CHR  and  pilot  performance  data  ac¬ 
quired  in  this  study  and  those  published  in  Reference  [7] 
indicates  that  more  benign  handling  qualities  and  slightly 
better  performances  were  achieved  in  the  Airborne  Sim¬ 
ulator  than  in  the  CH-47.  Taking  the  internal  evidence  of 
this  study  and  the  results  of  previous  research  in  Ref¬ 
erences  [9j  and  [2]  the  reason  for  this  is  proba  associ¬ 
ated  with  the  positioning  of  the  basic  plant  on  the 
bandwidth  criterion  map,  as  shown  in  Figure  (16),  rather 
than  for  any  other  reason.  This  being  accepted,  the  results 
of  the  two  studies  are  not  altogether  different,  the  trends 
being  in  much  the  same  direction  but  somewhat  displaced 
from  one  another  in  the  expected  direction. 
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Figure  16:  Basic  Position  Loops,  205  and  CH-47 


CONCLUSIONS 

Although  this  was  only  an  exploratory  study,  and 
although  there  is  considerable  in  depth  analysis  still  to  be 
done  (in  particular  it  is  intended  to  subject  all  pilot  control 
inputs  to  frequency  analysis  in  an  attempt  to  determine 
how  the  pilot  compel  aites  for  differing  stick  dynamics), 


thr-e  is  sufficient  evidence  to  draw  several  major  conclu¬ 
sions: 


a.  Under  damped  sticks  (damping  ratio  of  the  order 
of  0.3)  should  be  avoided,  as  should  sticks  with  an  un¬ 
damped  natural  frequency  less  than  about  9  md/sec  A 
tentative  boundary  based  on  these  premises  is  shown  in 
Figure  (17). 
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Figure  17:Suggested  Boundary  for  Stick  Dynamics 
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b.  Spring  gradients  of  at  least  9.0  lb/in  are  thoroughly 
acceptable,  provided  the  maximum  displacement  does  not 
required  an  unreasonable  force. 

c.  The  quality  of  the  plant  has  a  profound  effect  on 
the  handling  qualities  of  the  vehicle  and  the  variance  in 
HQR  assigned  to  an  aircraft  with  responses  close  to  the 
Level  1  boundary  may  be  sufficient  to  mask  changes  due 
to  the  characteristics  of  the  stick  itself.  The  inner  loop 
responses  of  the  aircraft  should  be  solidly  Level  l  to 
permit  meaningf  ul  research  in  this  area. 

FUTURE  STUDIES 

Future  studies  in  this  area  are  required  to  determine 
if  the  suggested  low  frequency  boundary  really  exists,  if 
there  ls  an  absolute  limit  on  acceptable  spring  gradient 
and  precisely  where  the  low  damping  Iwundary  should  lie 
drawn.  As  a  furthei  extension,  the  effect  of  changing  the 
aircraft’s  response  type  should  be  investigated.  It  is  the 
intention  of  the  FRL  to  continue  this  line  of  research  after 
first  converting  part  of  the  stick  simulation  to  digital 
computation  to  permit  simpler  and  more  accurate  model 
realisation. 
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APPENDDI  A 

GENERAL  HOVER  TASK  DETAILS 

THi :  TASK  DESCRIPTIONS  GWEN  HERE  ARE  REPRINTED  FROM 
THE  EVAI.UATION  PILOT  BRIEF  USED  IN  THIS  STUDY 


PRECISION  HOVER 

Pick  a  traffic  cone  for  reference  and  come  to  a 
five  foot  hover  with  it  in  view.  Hover  for  45 
seconds  attempting  to  maintain: 

Heigin  rh  1  foot 
Position  + 1- \  foot  X  and  Y 

PRECISION  LANDING 

Using  the  same  cone  for  reference,  make  a  pre¬ 
cision  vertical  landing  adjacent  to  it.  Aim  for  the 
same  X/Y  limits  as  for  the  hover  and  attempt  to 
make  a  smooth,  continuous  descent  to  touch¬ 
down. 

IATERAL  UN  t4  AS K/MAS K  (SIDE-STEP) 


Using  the  markers  as  demonstrated: 

Establish  10  foot  hover  and  hold  for  10  seconds. 
Perform  rapid  lateral  translation  to  second 
marker,  establish  hover  and  maintain  for  5  sec¬ 
onds,  rapid  lateral  translation  back  to  start  point 
and  re-establish  hover.  Aim  to  achieve; 

Height  +  /-  3  fret 
Accelerate  and  decelerate  without 
bank  angle  oscillation 
f  leading  +  /-  5  degrees 
Fore/aft  motion  +/-  haif  fuselage 

ACCELERATE#  STOP 

Establish  a  10  foot  hover,  accelerate  to  reach  35 
kt  groundspeed  at  the  gate  (45  kt  if  alternate 
course  in  use),  and  decelerate  to  end  at  a  hover 
inside  the  Pirouette  circle.  Aim  to  achieve: 


Height  +  /-  4  feet 

No  undesirable  or  uncommandcd 
motions  during  recovery  to  hover. 

PIROUETTE 

At  the  marked  circle,  establish  a  10  foot  into 
wind  hover.  Commence  yawing  lateral  transla¬ 
tion  to  maintain  fuselage  over  im  rkers  and  nose 
pointing  at  centre  marker.  Re-establish  hover  at 
start  point.  Aim  to  maintain: 

Height  -r  /•  4  feet 

Constant  lateral  velocity'  yaw  rate 

Re-establish  hove,  without  bank  angle 
Oscillations 

Complete  circle  in  60  seconds 

PDEAL  TURN  WITH  HESITATIONS 

From  a  10  fool  hover,  perform  a  b«  *sk  360  degree 
pedal  turn,  paiasi  ,g  every  900  degrees  for  3  sec¬ 
onds.  Aim  for 

Height  f  /- 2.5  feet 
Heading  pauses  +/-  5  degrees 

OFF  LEVEL  LANDING 

Inside  the  marked  box,  make  normal  approach 
to  slope  landing,  when  the  uphill  skid  is  in  con¬ 
tact  with  the  ground,  maintain  the  constrained 
hover  for  20  seconds  before  lowering  the  down¬ 
hill  skid.  Aim  fo.  a  steady  and  smooth  lowering 
of  the  downhill  skid  with  no  yawing  excursions 
once  in  contact. 

During  take-off,  again  maintain  a  constrained 
hover  for  20  seconds  before  breaking  clear  of  the 
ground. 


i;<  l.’ 


»4j 


APPENDIX  & 

DETAILED  COOPER-HARF'ER  RATINGS 
CHRl>HorF-lMNlattT!OViR  MANOEUVRING 
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ABSTRACT 

An  evaluation  of  the  handling  qualities  of  civil  rotorcraft  incorporating  force  or  displacement  sensing  side-arm  controllers 
with  varying  levels  of  control  integration  was  carried  out  on  the  NAS  Bell  205  Airborne  Simulator.  Evaluators  were  certification 
pilots  from  the  FAA  and  Transport  Canada.  The  results  indicate  that  integrated  4-axia  side-arm  control  is  a  viable  option  for  civil 
rotorcrafl  operations,  even  when  used  in  conjunction  with  very  low  levels  of  stability  and  control  augmentation. 

Introduction 

The  advent  of  fly-by-wiro  technology  and  its  adaptability  to  integrated  multi-axis  side-arm  control  will  have  far-reaching 
effects  on  the  design  and  operational  utility  of  rotorcraft.  Some  of  these  effects  are  highly  visible  such  as  on  physical  constraints  in 
cockpit  design,  pilot  view  and  comfort  and  crashworthiness.  Other  effects,  such  as  those  on  the  handling  qualities,  in  terms  of  pilot 
workload  and  performance,  can  only  be  defined  by  acquiring  in-flight  data. 

Background 

The  application  of  multi-axis  side-arm  control  for  rotorcraft  operations  has  been  investigated  by  the  Flight  Research 
Laboratory  (FRL)  of  the  National  Aeronautical  Establishment  (NAE)  since  1979  (Ref.  1  to  5).  These  past  activities  have  been  aimed 
primarily  at  military  rotorcraft  operations  addressing,  in  large  part,  military  rotorcraft  handling  qualities  specifications. 
Although  certain  phases  of  military  operations  resemble  civil  UBe  of  rotorcraft,  requirement  specifications  and  certification 
procedures  differ. 

The  Flight  Research  Laboratory  has  been  performing  research  on  civil  helicopter  handling  qualities  in  cooperation  with  the 
LT.S.  Federal  Aviation  Administration  (FAA)  under  MOA  A1A-CA-31.  This  report  deals  with  one  of  the  latest  experiments 
performed  under  this  agreement. 


Scope  </  tfte  Program 

This  experiment  was  designed  to  address  the  following  issues: 

a)  Is  multi-axis  integrated  side-arm  control  a  viable  option  for  civil  rotorcraft  operations? 

b)  How  is  pilot  workload  and  performance  affected  by  the  use  of  this  mode  of  control  versus  the  use  of  conventional 
controls  while  performing  tasks  representative  of  civil  operations. 

c)  Are  there  any  special  civil  certification  issues  which  must  he  addressed  for  deflection-sensing  and  force-sensing 
integrated  side-arm  controls? 

THE  AIRBORNE  SIMULATOR 

Experiments  were  carried  out  using  the  NAE  Airborne  Simulator,  an  extensively  modified  Bel!  205A-1  with  special  fly-by- 
wire  capabilities  that  have  evolved  over  the  last  seventeen  years  (Figure  1).  The  standard  hydraulically  boosted  mechanical  control 
actuators  incorporate  servo-valves  that  can  be  positioned  either  mechanically  from  the  left  (safety  pilot)  seat  or  electrically  from  the 
right,  (evaluation  pilot)  seat  full  authority  fly-by-wire  station.  Fly-by-wire  inputs  are  generated  by  a  set  of  motion  sensors  and  a 
computing  system  consisting  of  twe  LSI  1 1/7H  and  one  Falcon  microprocessor  and  D/A  and  A/D  converters.  Inputs  to  this  system 
come  from  electrical  controllers  which  may  be  either  a  conventional  stick,  pedals  and  collective  combination  with  a  programmable 
force-fee!  system  or,  alternatively,  a  4-axis  isometric  force  or  deflection  side-arm  controllers  or  any  viable  combination  of  these 
systems. 

Other  modifications  to  the  NAE  Airborne  Simulator  have  been  made  to  increase  the  simulation  envelope  of  the  facility.  T  o 
quicken  the  control  response  of  the  teetering  rotor  system,  the  standard  Bell  205  stabiliser  bar  was  removed;  and  to  provide  an 
additional  pitch  axis  control,  the  longitudinal  cyclic  to-elevator  link  was  replaced  with  an  electro-hydraulic  actuator,  although,  for 
this  program,  the  elevator  remained  fixed  in  the  neutrai  position.  Reference  6  provides  a  full  description  of  the  NAE  Airborne 
Simulator. 

Aircraft  Configuration 

The  use  of  a  side-arm  controller  in  a  rotorcraft  implies  that  some  level  of  fly-by  wire  technology  is  present  in  the  aircraft,  if 
only  to  allow  the  electrical  signals  of  the  controller  to  he  passed  to  the  control  system.  On  the  other  hand,  any  rotorcraft  with  a 
side-arm  controller  could  also  be  highly  advanced  to  the  point  of  almost  totaliy  automated  flight  While  both  extremes  raise 
interesting  research  and  certification  issues,  it  was  decided  early  in  the  experiment  development  process  that  the  rotorcraft 
dynamic*  to  be  used  in  t.he  evaluation  should  be  repicseritutive  of  the  most  probable  configuration  which  would  first  appear  on  the 
civil  market 

Although  it  is  not  the  only  successful  civil  rotorcrafl  on  the  market,  the  Sikorsky  S  76  is  representative  of  most  rotorcraft 
currently  in  pioduction  and  clearly  is  a  standard  in  terms  of  stability  augmentation  and  IKR  capability  With  this  in  mind,  the 
decision  was  made  to  configure  the  NAE  Bell  205  Airborne  Simulator  to  possess  dynamic  characteristics  which  were  similar  to  the  S 
76  w'ith  stability  augmentation  system  (SAS)  engaged  Unlike  the  standard  S  76  S AS  which  decreases  with  speed  and  reverts  to 


constant  love)  of  dumping  at  spend#  (allow  40  Idiots,  the  airborne  aimn  later  rate  damping  rant  dual  the  S  70  levels  at  high  speeds  but 
continued  in  a  linear  reduction  all  the  way  to  the  hover.  Interaxis  control  coupling  betwoon  all  axes  were  reduced  to  a  very  low  level 
by  the  use  of  simple  control  cross  feeds  to  the  respective  control  axes.  This  characteristic  is  also  similar  to  a  fully  augmented  5-70 
The  hover  rate  damping  derivatives  of  the  Airborne  Simulator,  ns  used  in  this  experiment,  wore  3.0  mid  4 .2  sec  *  for  roll  and  pitch 
axes  respectively.  Mode  plots  of  the  aircraft  control  response  in  terms  of  attitude  per  unit  of  control  input  lire  included  as  Figures  2 
and  3.  These  units  of  control  input  are  directly  related  tc  the  controller  sensitivity  values  given  in  Table  1.  The  implementation  of 
control  filtering  and  integral  trim  on  each  of  the  controllers  is  documented  in  Figure  4  while  Figure  ft  shown  the  pitch  mid  roll 
control  system  architecture. 

The  yaw  axis  of  the  Hell  205  was  configured  as  a  rate  command  /  heading  hold  system  which  blended  to  a  sideslip  command  / 
turn  coordination  system  at  3ft  knots  (Figure  (i).  The  vertical  axis  was  a  standard  collective  system  with  the  sensitivity  and  heave 
damping  of  a  standard  Hell  205. 

Contirollero 

For  this  experiment,  two  side-arm  control  configurations  were  flown  and  compared  with  conventional  controls  comprising  a 
cyclic  stick,  tail  rotor  pedals  and  collective  lever. 

The  side-arm  control  configurations  were: 

a)  a  4-axis  force  controller  with  compliance  in  pitch  and  roll  axes  (Figure  7) 

b)  a  4-axis  deflection  controller  (Figure  8). 

Table  1  summarizes  the  characteristics  of  the  three  control  configurations.  It  must  be  noted  that  the  4-axis  displacement 
controller  evaluated  in  this  experiment  possessed  physical  breakout/gradient  characteristics  which  were  not  optimized.  The  same 
controller  was  evaluated  in  a  prior  ex  eriment  (Ref.  3)  with  nearly  optimum  characteristics  which  are  also  described  in  Table  1,  In 
addition  to  the  three  tmyor  systems,  various  integration  ievels  of  side-arm  control  were  also  examined  for  each  side-arm  controller. 
These  integration  levels,  as  shown  in  Figure  9,  were  4  +  0  (fully  integrated),  3  +  lc  (collective  separate),  3  +  lp  (pedals  separate)  and  2 
+  1+1  (fully  distributed). 

EXPERIMENTAL  PROCEDURE 

Evaluation  pilots  typically  assessed  either  one  or  two  controller  configurations  on  a  given  flight.  To  ensure  that  each 
evaluator  was  consistent  in  his  performance  of  the  evaluation  tasks,  the  safety  pilot  demonstrated  all  tasks  using  the  conventional 
ontrols  at  his  station  on  the  first  flight.  From  that  point  on,  evaluators  assigned  handling  qualities  ratings  (HQRs)  using  the 
Cooper-Harper  handling  qualities  rating  scale  (Ref.  7),  and  filled  out  a  questionnaire  (Figure  10)  for  each  control  configuration  ns 
it  was  encountered.  Post  flight  debriefings  gave  the  project  engineers  the  opportunity  to  clarify  the  written  comments  of  the  pilot  and 
to  discuss,  in  more  depth,  the  pilot's  reasoning  behind  his  assessments.  Table  2  gives  the  sequence  of  evaluations  for  each  evaluator. 
This  order  was  designed  to  determine  whether  the  sequence  of  evaluations  (force  or  displacement  first)  would  alter  pilot 
assessments. 

A  total  of  47.1  flight  hours  were  flown  by  four  evaluators  (12  hours  each).  On  completion  of  all  evaluations,  each  evaluator 
filled  out  a  genera!  questionnaire  (Figure  11). 

Tasks 

The  evaluators  were  required  to  perform  the  tasks  shown  pictorially  in  Figure  12  two  or  three  times  for  each  configuration 
and  to  provide  evaluations  for  the  following  tasks: 

J  Precision  Hover 

The  evaluator  was  asked  to  maintain  a  precision  hover  with  respect  to  a  traffic  cone  viewed  through  side  window  markings 
(longitudinal  and  lateral  position  approx;mate!y  +  3  feet).  Height  was  to  be  maintained  at  5  ±  2  feet  und  heading  to  ±  5  degrees  of 
nominal. 

LI  Precision  Ponding 

A  landing  was  performed  with  the  view  of  the  traffic  cone  maintained  in  the  side  window  markings  (position  accuracy 
approximately  ±  1.5  feet).  Vertical  descent  rate  was  required  to  be  continuous  to  touchdown  with  no  perceptible  longitudinal  or  lateral 
drift. 

□  Sidestep 

A  sideward  hover  taxi  manoeuvre  was  required  across  a  circle  of  200  feet  in  diameter.  Height  was  to  be  maintained  at  10  i  3 
Let,  heading  at  ±  10  degrees  from  nominal,  and  the  manoeuvre  was  to  lie  completed  in  ifi  seconds  or  less. 

U  Hover  with  Divided  Attention 

The  evaluator  was  required  to  change  radio  frequency  while  maintaining  a  hover  position  of  t  10  feet  horizontally  und  n 
height  between  2  feet,  and  15  feet  above  ground 

J  Pirouette 

The  aircraft  was  manoeuvred  around  a  marked  circle  of  200  feet  in  diameter  with  the  nose  pointed  towards  the  centre  of  the 
circle  stall  timet.  Tracking  tolerancies  were  t  10  feet  from  the  circle  circumference  with  height  maintained  at  10  feet  1  5  feet  and 
heading  was  to  be  controlled  within  ±  10  degrees  of  the  circle  center  point  Lateral  velocity  was  to  be  controlled  smoothly,  allowing 
completion  of  one  circuit  iri  a  maximum  of  45  seconds. 

v:  Figure  Eight 

The  evaluator  was  asked  to  track,  in  forward  (light,  a  marked  figure  eight  pattern  composed  of  two,  200  foot  diameter  circles 
Height  was  to  be  maintained  at  10  ±  5  feet,  allowable  lateral  tracking  tilerances  were  t  10  feet  from  the  marked  track  and  the 
manoeuvre  was  to  be  completed  in  less  than  50  seconds. 


□  Quick  Slop 
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From  a  hover  position,  Che  aircraft  was  accelerated  to  35  knots  groundspuud  and  then  rapidly  decelerated  to  a  stop  in  a  iota) 
distance  of  approximately  600  feet  ns  referenced  by  ground  markers.  Heading  waa  to  be  maintained  at  ±  JO  degrees  and  the 
maximum  allowable  height  was  26  feet. 

□  Slope  Landing 

A  landing  on  a  four-degree  elope  was  performed  with  aircraft  heading  perpendicular  to  the  slope.  The  manoeuvre  wus  to  be 
performed  with  precise  control  of  the  downslope  skid  and  with  no  perceptible  drift  on  touchdown. 

U  Obstacle  Clearance  Takeoff  and  Steep  Approach 

From  a  hover,  with  maximum  engine  power,  an  obstacle  clearance  takeoff  was  performed  into  a  tight  circuit  with  a  steep 
approach  to  a  hover. 

□  Entry  into  Auiorotation 

While  in  cruise,  with  the  evaluator  pilot  in  control,  the  safety  pilot  reduced  the  throttle  to  idle  to  simulate  a  rapid  engine 
failure.  The  evaluator  then  selected  a  suitable  field  for  landing  and  performed  left  and  right  90  degree  turns  while  controlling 
airspeed  and  rotor  speed  to  within  the  Bell  205  specified  limits.  Because  throttle  control  was  not  available  to  the  evaluator,  the  sufety 
pilot  took  control  for  the  recovery.  Laboratory  policy  does  not  allow  piaciice  in  full-on  autorotation  landings  in  the  airborne 
simulator. 

U  Instrument  Approach 

The  evaluators  were  provided  with  a  precision  tracking  task  in  the  form  of  azimuth,  elevation  and  airspeed  information 
representing  an  MLS  approach  at  a  6  degree  elevation  angle,  A  flight  director  display  was  used  to  track  the  localizer  and  the 
glideslope  at  60  knots,  and  then  decelerate  on  a  profile  based  on  distance  from  a  simulated  touchdown  point  (approximately  1.3 
ft/set2)  to  20  knots.  (See  Reference  8  for  a  more  complete  description  of  the  basic  approach  and  flight  director  system). 

Evaluators 

Four  experienced  helicopter  certification  test  pilots  performed  the  evaluations,  three  from  the  FAA  and  one  from  Transport 
Canada.  A  summary  of  their  relevant  experience  is  tabulated  in  Table  3. 

ENVIRONMENTAL  CONDITIONS 

Relevant  atmospheric  conditions  during  the  program  varied  from  calm  winds  in  smooth  conditions  to  winds  gusting  from  15 
to  20  knots  with  moderate  turbulence.  The  last  fly  off  sequence  of  throe  configurations  -  conventional,  force  (4  +  0)  and  deflection  (4 
+  0),  were  flown  in  rapid  succession  to  ensure  common  wind  conditions  for  each  pilot's  evaluation. 

PILOT  RATINGS 

The  results  of  the  pilot  ratings  for  each  manoeuvre  are  plotted  in  Figures  13  to  23. 


Hover 


Pilots  were  able  to  perform  this  task  to  acceptable  accuracy  with  all  controller  configurations.  Figure  13  indicates  that  pilots 
preferred  all  of  the  force  sensing  controller  configurations,  except  the  (3  +  l)p  configuration,  even  over  the  conventional 
configuration. 

Reducing  the  level  of  integration  of  the  force  controller  offered  no  apparent  advantages.  The  deflection  controller 
configurations  were  the  least  acceptable  ones  for  this  task,  with  some  improvement  in  handling  qualities  available  by  reducing  the 
■  integration  level  to  the  fully  distributed  case  (2  +  1  +  1). 

I-anding 

Figure  14  indicates  that  three  configurations  of  the  force  controller  were  preferred  in  this  manoeuvre  with  the  deflection 
controller  configurations  least  preferred.  With  all  configurations,  this  task  was  performed  to  satisfactory  performance  levels. 
Reducing  the  integration  level  of  either  of  the  hand  controllers  did  not  provide  significant  workload  relief. 

Sidestep 

In  this  manoeuvre  (Figure  15),  conventional  controls  and  the  force  controller  configurations  were  preferred,  with  very  slight 
preference  given  to  the  reduced  integration  level  configurations  of  the  force  controller. 

Divided  Attention  Hover 

Figure  16  indicates  u  marked  preference  for  the  force  controller  configurations.  The  deflection  controller  configurations 
were  rated  at  least  as  go  >d  as  the  conventional  controls 

Pirouette 

t  The  fully  integrated  force  controller  was  preferred  for  this  tusk  (Figure  17).  even  over  configurations  where  the  integration 

level  was  reduced  with  this  controller  On  the  other  hand,  with  the  deflection  controller,  although  rated  poorest,  some  benefit  is 
|  apparent  in  reducing  the  integration  level 

I  Figure  Eight 

Figure  IB  indicates  that  conventional  controls  and  the  fully  integrated  force  controller  were  rated  best  for  this  manoeuvre 
Reducing  the  level  of  integration  on  the  force  controller  appeared  to  degrade  the  handling  aualitiei  slightly.  Again,  the  deflection 
controller  was  rated  the  poorest  with  some  benefit  provided  when  integration  level  was  reduced. 
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This  manoeuvre  was  the  only  one  in  which  the  conventional  controls  were  preferred  over  alt  other  configurations  (Figure 
(9)  However,  the  force  controller  was  rated  only  slightly  poorer  with  nc  apparent  her  units  provided  by  reducing  integration  level. 
The  deflection  controller  was  rated  much  poorer  (bordering  on  unacceptable)  hut  significant  improvements  were  apparent  when  the 
integration  level  was  reduced. 

Slope  Landing 

In  this  task  (Figure  20),  the  force  controller  configurations  were  preferred  again  with  no  benefit  provided  by  reduced 
integration  level.  The  handling  qualities  with  the  deflection  controller  were  significantly  degraded  with  obvious  improvements 
when  the  integration  level  was  reduced.  The  2+1+1  configuration  with  this  controller  wus  rated  the  same  a.,  with  conventional 
controls. 

Obstacie  Clearance  Takeoff  and  Steep  Approach 

The  fcce  controller  with  the  lowest  level  of  integration  was  rated  best  for  this  task  (Figure  2.1).  However,  conventional 
controls  and  the  force  controller  with  higher  levels  of  integration  were  rated  only  slightly  poorer.  With  the  deflection  controller, 
marked  improvements  were  apparent  at  reduced  integration  levels  ,  to  the  point  that  the  2  +  t  +  1  configuration  was  almost  as  good  as 
with  the  force  controller. 


IFK  Ikooderating  Approach 

Results  of  pilot  ratings  for  the  IFR  tracking  task  are  shown  in  Figure  22.  Two  evaluators  judged  the  force  controller  to  be 
better  than  conventional  controls  -  one  rated  both  the  same  and  one  rated  the  force  controller  one  rating  poorer,  hut  felt  that  the  force 
controller  reduced  pilot  workload  and  was  optimized  with  the  flight  director  control  laws.  The  deflection  controller  was  rated  poorest 
by  all  evaluators,  primarily  due  to  poor  breakout/gradient  force  characteristics. 

Autarotation  Entry 

Fully  integrated  side-arm  controllers  were  rated  poorest  for  autorctation  (Figure  23)  The  dominant  complaint  was  n  lack  of 
collective  position  feedback,  cue  on  initial  collective  application.  Thereafter,  the  force  controller  characteristics  were  adequate  in 
providing  reasonable  control  of  rotor  rpm.  a  factor  lacking  in  the  deflection  controller  because  of  poor  breakout/gradient  force 
characteristics. 

Learning  Trends 

In  order  to  highlight  learning  trends,  pilot  ratings  of  the  first  and  last  rxposure  to  a  particular  configuration  are  shown  in 
Figure  24  for  the  conventional  controls,  fully  integrated  force  control  and  fully  integrated  displacement  control  configurations.  The 
reader  is  reminded  (Table  2)  that  two  pilots  experienced  all  integration  levels  of  the  force-sensing  controller  before  being  introduced 
to  the  deflection-sensing  controller.  The  reverse  is  true  for  the  other  two  pilots.  No  noticeable  differences  in  final  assessments  could 
be  attributed  to  these  different  evaluation  sequences.  Also,  these  investigations  were  not  necessarily  performed  in  the  same 
atmospheric  conditions  for  each  evaluator.  The  data  in  Figure  21  shows  that  the  displacement  controller  configurations  displayed 
the  largest  learning  curve  effect  with  a  typical  1  LQR  improvement  for  most  tasks  over  the  training  length  of  the  experiment.  The 
ratings  for  the  quickstep,  however,  show  no  improvement  for  this  controller,  suggesting  either  that  much  more  training  was 
necessary  or  that  the  characteristics  of  the  controller  combined  with  that  task  were  especially  unsuitable.  (The  latter  was  confirmed 
by  pilot  comments). 

The  4  +  0  force  controller  learning  curves  are  in  general  shallow  end  similar  to  the  conventional  controller  trends.  This 
similarity,  and  pilot  comments  regarding  learning  curve  effects,  suggests  that  pi'its  adapted  to  the  4  +  0  force  controller  was  easily 
adapted  to  for  most  tasks. 

The  data  i.i  Figure  24  fo<  piroues  u  and  figure  8  tasks  should  be  highlighted.  Those  two  tasks  involve  considerable  multi-axis 
control  which  has  been  cited  as  a  poss  ble  limitation  for  sidearm  controllers.  The  fact  that  both  controllers  demonstrated  steep 
learning  curves  for  exposures  on  the  order  of  a  few  hours  and  that  the  force  controller  final  ratings  were  as  good  as  conventional 
controls,  dispelis  this  reservation  regarding  side-arm  controllers,  it  also  points  out  that  adquate  training  is  necessary  for  proper 
evaluation  of  these  devices. 

PILOT  COMMENTS 

In  general,  all  evaluators  felt  that  the  basic  aircraft  characteristics  represented  typical  helicopter  handling  qualities. 
However,  most  evaluators  suggested  the  fixed  horizontal  stabilizer  resulted  in  extreme  pitch  attitudes  when  the  aircraft  tail  was 
turned  into  wind 

Conventional  Controls 

Pilots  cited  some  deficiencies  ir  the  conventional  control  configuration.  Two  of  the  evaluators  hud  difficulty  m  yaw  axis 
control  and  stabilization.  It  is  felt  that  this  difficulty  stemmed  from  two  factors,  non  optimum  pedal  force  characteristics  coupled 
with  a  yaw  axis  system  which  had  dynamics  significantly  different  from  a  conventional  unaugmented  helicopter  yaw  axis  This 
interaction  caused  the  two  evaluate) s  to  have  problems  obtaining  smooth  and  consistent  control  of  the  yaw  axis.  A  typical  comment 
was  "jerky”  or  "steppv"  in  yaw.  While  the  other  two  evaluators  did  not  highlight  this  deficiency,  possibly  because  they  adapted  to  the 
system  more  quickly,  these  pilots  did  miss  the  lock  of  a  force  trim  release  system  on  the  conventional  cyclic  and  disliked  the  rughei 
than  "normal'  cyclic  stick  force.'  that  they  experienced  Despite  these  deficiencies,  all  four  evaluators  rated  the  configuration  as 
certifiable  and,  as  indicated  above,  typical 

Force  Sensing  Side-Arm  Controller 

Evaluators  were  impressed,  even  on  first  exposure  to  this  control  system,  with  the  ease  nt.  which  they  could  perform 
stabilization  tasks  with  this  controller  The  integral  trim  system  allowed  precise  modulation  of  tiie  aircraft  controls  and  alleviated 
the  requirement  for  the  pilot  to  continually  concern  himself  with  aircraft  trim,  even  in  rapidly  changing  wtnudiew.i  rig  conditions. 
The  learning  curve  wss  assessed  as  steep  for  all  configurations  ns  Mg  this  conliolier  and,  with  the  exception  of  three  evaluations  of 


marginal  certifiabilivy  due  to  yaw  nxia/wind  difficulties  in  the  pirouette  manoeuvre,  all  configurations  incorporating  the  force 
sensing  controller  were  assessed  ns  certifiable.  Deficiencies  cited  for  the  force  sensing  aide-arm  controller  were  as  follows: 


1)  In  some  manoeuvring  tasks,  tho  quickstep,  tho  obstacle  clearance  takeoff  and  steep  approach  end  the  autorotation  — 
evaluators  woulo  appreciate  better  control  position  feedback  cues,  especially  in  the  collective  axis. 

2)  Some  evaluators  initially  complained  of  inter-axis  control  coupling  on  ea.  ly  exposures  to  the  controller;  however,  these 
complaints  were  not  received  during  later  evaluations,  suggesting  that  this  could  be  a  learning  curve  related  effect. 

3)  For  all  levels  of  controller  integration,  comments  regarding  the  slop®  landing  task,  which  was  rated  as  a  marginal 
Level  l  handling  qualities  manoeuvre,  highlighted  the  need  tor  better  indications  of  the  rotor  tip-path-plane.  Improved 
control  position  indicators  could  possibly  meet  this  need. 

Desflection-Sentring  Side-Arm  Controller 

This  control  configuration  was  rated  the  poorest  of  ail  configurations  for  all  the  tasks.  No  significant  benefits  were 
perceived  from  the  small  controller  deflections  that  provided  a  level  of  control  position  feedback  to  the  evaluator,  or  perhaps  any  such 
benefits  were  masked  by  other  deficiencies.  The  dominant  deficiency  appeared  to  be  poor  breakout/gr&dient  force  characteristics  of 
the  controller.  It  is  worthy  of  note  that  this  sumo  controller  was  rated  much  better  in  previous  work  at  the  NAE  (Ref.  3)  where  cyclic 
pitch  breakout  force  was  26%  less  and  pitch  gradient  77%  greater,  and  where  lateral  cyclic  breakout  force  was  24%  less  and  lateral 
gradient  was  126%  greater.  With  the  poor  breakout/gradient  characteristics,  reducing  the  ’evel  of  controller  integration  (number  of 
axes)  on  the  controller  resulted  in  significant  benefits  in  improved  workload.  This  effect  was  not  ss  noticeable,  however,  on  the 
force  sensing  controller  which  had  nearly  optimum  force  characteristics. 

In  addition  to  the  poor  physical  characteristics  of  the  displacement  controller,  which  were  cited  by  all  four  evaluators,  ar.y 
deficiencies  described  for  the  force  sensing  controller  were  usually  repeated  for  this  controller  as  well. 


Reduced  Integration  Levels 

Pilot  comments  directly  related  to  the  integration  level  of  the  side-arm  controller  displayed  a  number  of  tendencies: 

1)  As  described  above,  for  a  controller  with  poor  physical  characteristics,  any  reduction  i r  integration  level  improved  the 
vehicle  handling  qualities. 

2)  The  (3  +  l)c  configuration  provided  only  a  slight  improvement  in  vehicle  handling  qualities,  even  at  the  earliest  stages 
of  the  pilot  learning  curve  on  side-arm  controllers. 

3)  At  least  two  of  the  evaluators  consistently  preferred  yaw  axis  control  on  the  side-arm  controller  rather  than  the  f3  +  Dp 
configuration.  Generally,  if  a  single  axis  split  is  required,  the  consensus  was  that  collective  should  be  the  separated 
control. 

CONCLUSION 

The  following  conclusions  can  be  drawn  from  this  experiment: 

a)  The  use  of  integrated  4-axis  side-arm  control  is  a  viable  option  for  civil  rotorcrafl  operations,  oven  when  used  with  very 
low  levels  of  stability  and  control  augmentation  such  as  represented  in  this  experiment. 

b)  (Slot  workload  level  surd  performance  for  configurations  with  the  force  sensing  t  +  0  controller  was  as  good  or  better  than 
with  conventional  controls  for  most  tasks  and,  with  the  provision  of  improved  control  position  information  to  the  pilot, 
ibis  type  of  control  has  the  potential  for  further  improve-ment  in  handling  qualities. 

c)  The  breakout/gradient  force  characteristics  and  sensitivities  of  side-arm  controllers  may  dominate  aircraft  handling 
qualities.  A  systematic  evaluation  of  a  range  of  these  characteristics  for  all  representative  tasks  is  required  to  est  ablish 
satisfactory  boundaries  for  both  force-sensing  and  deflection-sensing  controllers.  This  would  provide  much  needed 
guidance  to  manufacturers  of  such  systems. 

d)  A  number  of  certification  issues  were  suggested  by  the  evaluators.  Most  of  these  would  be  addressed  in  the  incorporation 
of  fly-by-wire  technology  such  as: 

-  fault/faiiure  analysis  ui  ensure  redundancy 

-  provision  for  monitoring  coupled  systems 

-  testing  for  electro  magnetic  interference 

Some  issues  directly  relevant,  to  integrated  side-arm  control  are: 
definition  of  acceptable  characteristics  as  in  e)  aliove 

definition  of  acceptable  ait  craft  dynamic  stability  in  relation  to  integrated  side-arm  control 

-  establishing  pilot/co-pilot  control  priority  in  dual  pilot  operations 
the  enhancement  of  control  position  oi  tip  path  plane  cues  to  the  pilot 

Overall,  the  force  sensing  4  >  0  controller  was  preferred  for  most  manoeuvres  over  the  conventional  control  rnnfiguration 
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TABLE  1:  Controller  Chiu  etcri  sties 


Conventional 


Breakout 


Pitch 

Roll 

Yaw 

Collective 


0.5 
0.25 
7.0  (lb) 
adjustable 
friction 


Force  Side-Arm 

Pitch 

Roll 

Yaw 

Collective 


0.(1 

0.3 

0.75 

0.075  (lb) 


Displacement  Side-Arm 


Pitch 

Roll 

Yaw 

Collective 


2.3 

1.3 

l  9  (in-lb) 
0  7  (lb) 


IRspLacc.ment  Side-Arm  (Ref  3) 


Pitch 

Roll 

Yaw 


1  7 
095 

1.9  (in  lb) 


Gradient  Travel 

(+/-) 


1.0  60 

1.0  6.5 

15.0  (ib/in)  4.5 

0.0  5.35  (in) 


Sensitivity  Integral 


.46  0 

.31  0 

.53  (unit/in)  0 

.29  (unit/in)  0 


15 

0.5 

.27 

.125 

15 

0.5 

.27  (units/lb) 

.125 

oc 

0.0 

09  (unit/in-lb) 

0 

OQ 

0,0  (in) 

.03  (unit/lh) 

1.90 

0,9 

15° 

.26 

0.5 

0.10 

17° 

.12 

0.05 

0. 17  (iri-lb/dcg)12  0 

.22  (nnii/deg) 

0.0 

2.2  (Ilyin) 

.5  (in) 

see  note  below 

0  50 

.16 

23 

.13  (;n  Ib/deg) 


3  he  displacement  side-arm  controller  incorporated  a  non  linear  sensitivity  in  the 
vertical  axis  where  units  I.  «mlI  =  2*  controller  displacement  (ini. 


t 


TABLE  2:  Controller  Configuration  Sequence-* 

□  4  +  0  -  4-axis  side-arm 

□  (3  +  ))c  -  3-axis  side-arm,  conventional  collective 

□  (3  +  t)p  =  3-axis  .side-arm  conventional  pedals 

□  (2  +  1  +  1)  =  pitch  roll  side-arm,  conventional  pedate  &  collective 

EVALUATOR 

A  B  C  D 


Conventional 

Conventional 

Conventional 

Conventional 

Force 

(4  +  0) 

Deflection 

(4  +  0) 

Deflection 

(4  +  0) 

Force 

(4  +  0) 

(3  +  l)c 

•• 

(4  +  0) 

" 

(4  +  0) 

" 

(4  +  0) 

" 

(3+  Dp 

•• 

(3+  Dc 

■■ 

(3+  l)c 

" 

(3  +  Dc 

" 

(2+1+1) 

" 

(3  + l)p 

" 

(3  +  Dp 

M 

(3  +  Dp 

Deflection 

(4  +  0) 

•• 

(2+1  +  1) 

•• 

<2  +  1  +  1) 

" 

(2  +1+  1) 

- 

(4  +  0) 

Force 

(4  +  0) 

Force 

(4  +  0) 

Deflection 

(4  +  0) 

•• 

(2+1+1) 

•• 

(3+ l)p 

*• 

(3+  Dc 

" 

(3  +  Dc 

" 

(3+  l)p 

" 

(3  +  l)c 

•• 

(3+  Dp 

•• 

(3  +  Dp 

« 

(3  +  Dc 

•• 

(2  +  1  +  1) 

•• 

(2+1  +  1) 

(2+1+1) 

(4  +  0) 

(4  +  0) 

" 

(4  +  0) 

- 

(4  +  0) 

Force 

(4  +  0) 

Deflection 

(4  +  0) 

Conventional 

" 

(4  +  0) 

Conventional 

Conventional 

Deflection 

(4  +  0) 

Force  (4  +0) 

Conventional 

TABLE  3:  Evaluator  Relevant  Flying  Experience 


Pilot 

Total  Time 

(hours) 

'Total  Helicopter 

(hou+S) 

Total  Side-Arm 

(hours) 

A 

5800 

3000 

20  Hesearrh 

B 

4  100 

2400 

400  Cobra 

C 

3  500 

3000 

Cobra 

l) 

1)2(10 

570(1 

5  ( 'obra 

I  0  0 


Amplitude  iJatlo  (db) 


f 

! 

C 


Amplitude  Ratio  (db) 


..  .. 

+ 

♦ 

*• 

Lj 

r 

..l.J 

_ 

— 

_ 

Pba»*  Aj^gr  1  •  (Deg) 


T 


Coherence  Function 


0  00  • 

0  t 


Frequency  (Rad/eec) 

FIG.  3:  ROLL  AXIS  BODE  PLOT,  <5*  TO  $(RAD)  (HOVER  FLIGHT  CONDITION) 


Frequency  (Rad/*«e) 


FIG.  8:  PITCH  AND  ROLL  CONTROL  SYSTEM  ARCHITECTURES 


FIG.  2:  PITCH  AXIS  BODE  PLOT,  TO  tMRAD}  (HOVER  FLIGHT  CONDITION) 
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FIG.  7:  FORCE  SENSING  SIDEAHU.  CONTROLLER 


FIG.  8:  DISPLACEMENT  SENSING  SIDEARM  CONTROLLER 


HEAVE 


ROLL 


4  ♦  0  -  FULLY  INTEGRATED 


(3  ♦  1)c  -  SEPARATE  COLLECTIVE 


(3  o  1>p  -  SEPARATE  PEDAL 3 


(2  ■.  1  ♦  1}  -  FULLY  DISTRIBUTED 


FiG,  9:  CONTROLLER  INTEGRATION  LEVELS 
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Slop*  landing 
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Mhat  par*  did  tho  currant  wind  and  turbulence  condition*  ploy  in  your 
eva  luation? 


FIG.  10:  EVALUATOR  QUESTIONNAIRE 


Na  »n  ^ : 


GENERAL  COMMENTS  ON  FAA/NAE 
S'OEARM  CONTROLLER  EXPERIMENTS 


1  Ptoase  provide  general  comments  on  each  control  configuration  which  you  liavo 
flown.  In  particular,  an  assessment  ol  ceililiabiMy.  conlrol  deficiencies  and 
whether  you  (eel  that  (i>xi4icaiio>is  are  possible  to  correct  (hose  rteUcienoies  or 
improve  the  com  rotter 


i  T asks  were  selected  for  !hrs  prog,  jm  wit'.  two  aims  in  mind,  orw)  was  lo  represent 

typical  manoeuvre,,  tn  addreising-  certification  standards,  bul  others  were 
inckided  in  m  attempt  to  hlgtihflht  possible  deficiencies  when  integrating  contiol 
lunctions  on  one  controller  Please  cocvnenf  on  the  adequacy  ol  Ihn  selected 
manoeuvres  in  aciWeving  there  two  aims 


1  Wfial  nvajoi  advantages  du  you  feel  could  be  gained  with  the  use  of  sidearrn 
■  mtroNeo  tn  (ir*  rotucratt? 


*  Based  on  the  best  controller  configuration  which  you  t^perietH-ed.  what 
improvements  would  ycj  suggest? 


*»  fl  you  w»»e  presented  a  vehicle  for  ceriitu  .a  non  which  i»*ofr'«‘‘AlM<i  >i  arm 
controller  {run  mecesi«*ttr  one  of  the  configurations  presented  thi> 
e>penr>*ni)  toted  on  ym>r  current  expertevtce  on  sides; ;n  otM  >ffer?i,  wtial  major 
weoes  would  you  concentrate  o.i  during  live  Ifcghl  asis? 


6  Afry  mk&wv  :,.-->!*Yt-*--ns?  if-*.  =w  use  the  t>ar>  of  tins  pay:*! 


RQ.  11:  GENERAL  QUESTIONNAIRE 
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FIG.  12:  EVALUATION  COUPSE 
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FIG.  15:  SIDESTEP  RATINGS 


FIG.  13:  HOVER  RATINGS 


FIG.  16  DIVIDED  ATTENTION 
HOVER  RATINGS 


FIG.  17:  PIROUETTE  RATINGS 
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FIG.  14:  LANDING  RATINGS 


FIG.  18:  FIGURE  EIGI  r  RATINGS 
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FIG.  19:  QUICKST0P  RATINGS 
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FIG.  22:  IFR  DECELERATING  APPROACH  RATINGS 


FIG.  20:  SLOPE  LANDING  RATINGS 
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FIG.  23:  AUTOROTATION  RATINGS 
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FIG.  21 :  OBSTACLE  CLEARANCE 


FIG.  24:  LEARNING  TRENDS  OH  INTEGRATED 
8IDEARM  CONTROLLERS 


DETERMINATION  OF  DECISION  HEIGHT  WINDOWS  FOR  DECELEF.ATIKG 


IMC  APPROACHES  !N  HEUCOPTERS 
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I  SUMMARY 

This  program  was  conducted  to  define  the  basic  limitations  of  the  pilot  plus  rotorcraft  in  making  the 
transition  front  a  very  low  decision  height  (DH)  to  a  steady  hover  over  the  helipad.  The  term  "decision-height 
window"  is  defined  herein  as  the  limits  of  glideslopc/Socalizer  tracking  errors,  and  groundspeed  variations,  that 
can  exist  at  breakout  to  aliow  a  safe  visual  transition  to  hover.  The  dimensions  of  the  decision-height  window 
can  have  a  significant  impact  on  the  required  rotorcraft  handling  qualities,  and  Cor  setting  autopilot  coupler 
and  flight  director  performance  standards  for  decelerating  instrument  approaches  in  rotorcraft. 

There  have  been  several  FAA  and  NASA  experiments  conducted  to  investigate  tracking  accuracy  for 
helicopter  instrument,  and  visual  approaches,  e.g.,  see  Refs.  1  and  2.  However,  this  work  is  the  firs?  to 
consider  *he  required  tracking  and  speed  tolerances  (i.e.  "window")  for  decelerating  instrument  approaches  to 
a  very  low  decision  height  (50  ft  above  ground  level  (AGL)). 

There  are  a  wide  variety  of  factors  that  must  he  considered  in  the  determination  of  the  dimensions 
of  a  decision-height  window,  e.g , 

*  Rotorcraft  flight  dynamics  and  handling  qualities  limits. 

*  Limitations  associated  with  the  human  pilot. 

a  Rotorcraft  field-of-view 

®  Availability  of  airspace. 

*  Available  teal  estate  for  the  helipad,  and  approach  lighting, 

*  Rotorcraft  performance  for  a  missed-approach 


This  paper  is  concerned  with  the  first  two  factors  noted  above.  St  is  intended  that  the  results  of  '.his  study  will 
be  superimposed  on  the  oilier  considerations  for  the  determination  of  a  decision-height  window  for  a  given 
set  of  conditions  consisting  of  rotorcraft  performance  limits,  MLS  configuration,  and  helipad  geometry. 


,’0 


This  wor’i  was  done  in  the  context  of  ail  exploratory  study  to  determine  what  fac  tors  are  important, 
and  to  obtain  a  general  idea  of  the  order  of  magnitude  of  the  dimensions  of  the  decision-height  window. 
Further  testing  should  be  conducted  to  determine  the  effects  of  different  rotor  configurations  (the  test  aircraft 
was  a  Bell  205  with  a  teetering  rotor),  helipad  geometry  and  lighting,  rotorcraft  field-of-view,  glideslope  angle, 
and  a  more  detailed  look  at  the  effects  of  winds.  The  testing  focused  primarily  on  the  longitudinal  axis,  and 
further  work  to  determine  the  maximum  allowable  lateral  offsets  should  he  accomplished. 

The  program  was  conducted  jointly  by  the  Federal  Aviation  Administration  (FAa)  and  the  Canadian 
National  Research  Council  (NRC)  under  a  memorandum  of  agreement  between  those  two  agencies.  The  test 
aircraft  was  the  NRC  variable  stability  Bell  205 A  and  ail  testing  was  conduc  ted  at  the  NRC  facility  in  Ottawa 
Canada.  Hoh  Aeronautics  Inc.  (HAI)  provided  technical  assistance  in  this  program  under  an  FAA 
subcontract.  A  more  detailed  description  of  the  program  may  be  found  in  technical  reports  published  by  the 
FAA  and  the  NRC  (Refs  3  and  4  respectively). 

FUNDAMENTAL  CONSIDERATIONS 


Approach  Geometry 

The  nature  of  the  approach  geometry  for  very  low  decision-heights  is  such  that  glideslope  errors  can 
result  in  significant  differences  in  uie  range  to  the  hover  point  from  breakout,  as  illustrated  in  Figure  1.  Here 
it  can  be  seen  that  a  high  approach  results  in  a  steeper  visual  segment  (defined  by  y^  in  Figure  1).  This  can 
be  alleviated  by  increasing  the  hover  altitude,  but  possibly  at  the  expense  of  loosing  the  helipad  under  the 
nose,  or  risking  reentry  inter  cloud  and  a  missed  approach.  In  this  program,  the  nominal  glideslope  angle  (y0) 
was  9°,  the  decision  height  was  set  at  50  ft,  and  the  hover  height  was  10  ft,  resulting  in  a  nominal  final 
segment  (yj)  of  7.2'V  If  the  pilot  is  below  glideslope.  at  breakout,  the  final  segment  (yj-)  will  be  more 
shallow  than  the  reference  7.2  Steep  approaches  are  more  critical  from  the  standpoint  of  flight  dynamics, 
and  shallow  approaches  are  critical  in  terms  of  helipad  sighting  at  breakout,  or  collisions  with  obstructions. 
This  program  was  focused  primarily  on  the  flight  dynamics  and  handling  qualities  issue,  and  hence 
concentrated  on  the  problem  of  being  high  and/or  fast 

Relation,  hips  Between  Decision  Height  Window  and  Helicopter 
Performance  Limbs. 

Helicopter  performance  limits  that  can  have  an  effect  on  the  transition  from  decision  height  to  hover 

are: 

1.  Insufficient  deceleration  capability  without  entering  a  region  of  unacceptable  handling 
qualities  or  nutorotation. 

2.  The  restricted  height-velocity  envelope  for  single  engine  rotorcraft. 

3.  Settling  with  power,  or  vortex  ring  state. 

4  Degraded  handling  due  to  tow  airspeed  resulting  in  transition  in  and  out  of  translational  lift. 


1  Ail  of  the  glidestope  angles  in  this  study  ate  negative.  The  sign  of  these  angles  has  been  dropped  in 
the  text  and  figures  as  a  matter  of  con  venience.  Also,  reference  to  greater  or  steeper  values  of  glideslope  angle 
are  intended  to  refer  io  more  negative  values. 
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These  are  illustrated  in  Figure  2,  on  a  generic  decision-height  window.  The  shape  of  the  upper  boundary  of 
this  window  indicates  a  tradeoff  between  groundspeed  and  glideslope  error.  This  is  a  result  of  the  first  of  the 
above  factors,  which  infers  a  limit  on  the  ability  of  the  rotorcraft  to  dissipate  energy.  The  total  energy  is  the 
sum  of  potential  energy  (Ah),  and  kinetic  energy  (V2),  so  that  a  tradeoff  exists  between  groundspeed,  and 
glideslope  error  at  breakout.1 

Height-vchicity  problems  could  occur  for  a  breakout  at  low  airspeed  and  a  high-on-glideslope 
condition  (i.e.  large  value  of  yf).  This  condition  would  be  most  likely  if  there  were  a  tailwind  at  breakout. 
Even  if  the  rotorcraft  is  not  in  the  height-velocity  envelope,,  a  close  proximity  to  this  condition  may  be  limiting 
from  a  piloting  standpoint. 


The  potential  for  steep  approach  angles  dictates  that  the  vortex-ring  state  issue  be  addressed,  as 
illustrated  in  Figure  2.  The  sketch  in  Figure  2  is  taken  from  the  full-scale  rotor  data  in  Ref.  5,  which  indicates 
that  ring-vortex  encounters  require  a  flight  path  angle  of  30°  or  greater.1  Actually,  it  is  the  angle-of-attack 
of  the  rotor  that  is  fundamentally  limiting,  and  the  interpretation  in  terms  of  flight  path  angle  assumes  a  nearly 
level  pitch  attitude,  and  that  the  flight  path  angle  is  with  respect  to  the  airmass  (i.e.  the  "aerodynamic"  flight 
path  angle).  It  follows  that  the  most  critical  condition  would  be  a  breakout  high  on  the  glideslope,  and  in  a 
tailwind.  The  relationship  between  the  aerodynamic  and  inertial  flight  path  angles  is: 
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where  Yjnertjai  would  be  equal  to  yj  to  make  the  pad  from  the  decision  point,  and  a  positive  wind  is  a 
tailwind.  Practically  speaking,  it  is  unlikely  that  an  approach  would  be  conducted  in  tailwinds  strong  enough 
to  increase  the  aerodynamic  flight  path  angle  to  values  large  enough  to  enter  the  vortex  ring  state  for 
glideslopes  of  12°  or  less.  However,  for  steeper  glidcslopes,  it  may  become  a  iimiting  factor. 

The  maximum  pitch  attitude  illustrated  in  Figure  2  is  related  to  performance,  in  that  the  only  way  to 
convert  iow  power  to  deceleration  along  the  flight  path  is  through  pitch  attitude.  Hence,  the  peak  pilch 
attitude  is  a  measure  of  the  power,  or  energy  deficiency,  that  can  be  converted  into  deceleration  without 
changing  flight  path.  Because  of  the  steepness  of  the  constant  power  curves  at  very  low  airspeeds  (backside 
of  the  power-required  curve),  simply  holding  collective  constant  while  decelerating  results  in  a  rapid  need  for 
increasing  pitch  attitude  as  speed  approaches  zero,  to  hold  flight  path  angle  constant  (c.g.,  like  in  a  quickstop 
maneuver).  A  fast  condition  at  breakout  can  result  in  a  need  for  significant  deceleration  all  the  way  to  hover. 
In  such  cases,  the  pilots  in  the  present  experiment  were  observed  to  delay  adding  collective  until  the  very  end, 


2  Groundspeed  is  used  because  it  is,  *>y  definition,  zero  at  hover.  Therefore,  any  groundspeed  that  exists 
at  breakout  must  be  dissipated  at  the  hover  point  or  an  overshoot  will  occur. 

1  The  edge  cf  the  vortex  ring  region  involves  some  recirculation  of  air  through  the  rotor  plane.  This 
shows  up  as  increased  vibration,  but  with  little  accompanying  loss  of  performance.  Proceeding  deeper  into 
the  vortex-ring  region  involves  recirculation  of  air  over  a  significant  portion  of  the  rotor  (black  region  of 
Figure  2),  and  settling  with  power. 


?0  4 


and  as  a  result,  large  peak  pitch  attitudes  occurred  just  prior  to  hover.  The  magnitude  of  the  peak  pitch 
altitude  is  directiy  related  to  the  minimum  power  that  the  pilot  is  willing  to  use  in  the  final  deceleration  to 
hover. 


The  left  side  of  the  decision-height  window  is  defined  by  the  minimum  airspeed  that  can  be 
comfortably  down  during  the  transition  from  IMC  »o  VMC.  Many  helicopters  do  not  posses  good  flying 
qualities  in  the  transition  region  between  forward  flight  and  hover  (region  of  effective  translational  lift).  For 
example  the  test  aircraft  (a  Bel!  205A)  tended  to  "buck  and  gallop"  when  operating  in  this  region,  which  was 
considered  as  unacceptable  by  the  pilots  (HQR  =*  7).  The  low  airspeed  limit  may  also  be  set  by  the  minimum 
airspeed  for  which  IFR  flight  is  approved.  Once  a  minimum  acceptable  airspeed  is  established,  the  left 
boundary  becomes  a  function  of  the  tailwind  (groundspeed  =  airspeed  +  wind)  between  the  decision  point 
and  hover. 

The  lower  (bottom)  boundary  of  the  DH  window  does  not  depend  on  the  rotorcraft  flight  dynamics, 
since  in  the  limit,  the  rotorcraft  can  fly  level  or  even  climb  slightly  to  reach  the  hover  point.  Therefore,  as 
noted  in  Figure  2,  the  lower  limit  is  set  by  obstruction  clearance  and  visibility  constraints. 

Returning  to  the  upper  boundary,  it  would  be  useful  to  characterize  the  total  energy  dissipation 
required  to  transition  from  the  decision  point  to  hover  in  terms  of  rotorcraft  performance  data.  In  that 
context,  it  is  convenient  to  borrow  a  concept  developed  to  define  the  vulnerability  of  powered  lift  STOL 
aircraft  to  wind  shear,  called  the  effective  flight  path  angle,  or  yeff  (e.g.,  see  Ref  .  6).  The  effective  flight 
path  angle,  as  it  is  applied  to  the  present  problem,  is  defined  as  follows. 
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R  -  Range  to  Hover  at  DH 
VDH  -  Groundspeed  at  DH 
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Note  that  the  term  is  indicative  of  the  kinetic  energy  required  to  decelerate  from  the  decision  point  to 
hover,  and  that  ya  is  the  angle  between  the  horizon  and  the  airspeed  vector  required  to  reach  the  pad  from 
the  decision  point.  The  complete  expression  for  the  effective  flight  path  angle,  including  the  effect  of  winds, 
is  derived  in  Refs  3  and  4,  and  is  given  as  follows. 
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Where is  the  wind  velocity,  positive  as  a  tailwind. 
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From  the  geometry  in  Figure  1,  the  range  from  the  decision  point  to  hover  over  the  pad  is  a  function  of  the 
nominal  glideslope  angle,  y(),  and  the  glideslope  error,  d^  as  follows: 

R  -  (h»"  ~  d>) 
tanY<, 


Finally,  for  glideslope  angles  less  than  about  20°,  the  slant  range  is  approximately  equal  to  the  horizontal 
distance  (Rj.  -  R,  cosyj  ~  1,  and  sinyf  -  y^.  For  zero  wind,  this  yields  the  following  approximation. 
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For  DH  -  50  ft.  and  a  10  ft  hover: 
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This  approximation  was  found  to  be  accurate  within  a  few  percent  for  all  of  the  cases  tested  in  this  flight 
experiment.  The  extrapolations  to  larger  flight  path  angles  discussed  later  in  the  paper  utilized  the  more  exact 
expression  for  effective  flight  path  angle.  As  noted  above,  the  V2/2g  term  may  be  thought  of  as  proportional 
to  the  kinetic  energy,  (h^pj  -  hnov)  as  proportional  to  the  potential  energy,  and  Yef|/y0  as  a  measure  of 
the  total  energy  that  must  be  dissipated.  This  concept  allows  one  to  lump  the  deceleration  requirement  and 
geometric  flight  path  angle  into  a  single  "effective"  flight  path  angle.  The  advantage  of  this  is  that  yeff  can 
be  plotted  directly  on  the  rotorcraft  y  vs.  V  performance  curves  as  shown  in  Figure  3.  These  example  y  vs. 
V  curves  are  for  the  XV- 15  tilt  rotor  aircraft  in  the  helicopter  mode,  in  the  example  shown  in  Figure  3,  the 
nominal  glideslope  angle  is  12°,  the  groundspeed  at  the  50  ft  decision  height  is  20  kts,  and  the  rotorcraft  is 
assumed  to  reach  the  decision  height  witn  a  25  ft  glideslope  error.  The  component  of  yefr  due  to  the 
geometric  flight  path  angle  from  the  decision  point  to  a  10  ft  hover  (yf  in  Figure  1)  is  19.2°;  12°  due  to  the 
nominal  glideslope,  and  7  2°  due  to  being  25  ft  high.  The  component  of  the  effective  flight  path  angle  due 
to  the  need  to  decelerate  .rorn  20  kts  to  zero  groundspeed  is  8.5°  (the  V2  term  in  the  definition  of  yeff).  This 
results  in  a  total  effective  flight  path  angle  of  27.7°. 


The  effective  flight  path  angle  will  be  the  basis  for  mapping  the  rotorcraft  performance  capability  on 
to  the  "decision  height  coordinates",  defined  here  as  glideslope  error  vs.  groundspeed  at  DH  (df  vs.  Vj-jpj), 
and  for  extrapolating  the  results  of  this  program  to  other  rotorcraft  and  glideslope  angles. 


EXPERIMENTAL  SCENARIO  AND  RESULTS  OF  INITIAL  EXPLORATORY  RUNS 

The  NRC  variable  stability  Bell  205A  was  configured  to  have  handling  qualities  similar  to  a  current 
rotorcraft  with  a  limited  authority  stability  augmentation  system  (e.g.  the  Sikorsky  S-76).  A  conventional  cyclic 
stick  and  collective  were  provided  as  cockpit  controllers.  The  initial  phase  of  the  testing  was  to  determine  the 
y-V  characteristics  of  the  Bell  205A  to  allow  estimates  of  the  decision  height  window  based  on  the  effective 
flight  path  angle.  The  resulting  y  -  V  curves  are  shown  later  in  Figures  9  and  10.  It  should  be  noted  that  the 
horizontal  component  of  the  airspeed  vector  is  plotted  as  the  x  coordinate  in  these  figures  to  allow  a  direct 
comparison  with  groundspeed  at  DH  (i.e.  so  airspeed  =  groundspeed  in  zero  wind). 


.!<>(! 


The  nominal  glideslope  angle  in  the  experiment  was  9°,  and  some  runs  were  made  with  a  6° 
glideslope.  Initial  testing  indicated  that  glideslope  angles  of  over  9°  resulted  in  excessive  down  collective 
requirements  for  glideslope  corrections  in  the  Bell  205. 

Each  run  was  initiated  in  level  flight  on  the  localizer,  or  just  prior  to  turn-on  to  the  final  approach 
course,  The  evaluation  pilot  flew  the  precision  approach  to  a  50  ft  decision  height  in  simulated  instrument 
meteorological  conditions  (IMC),  and  completed  the  approach  to  a  hover  over  the  helipad  visually  (below  50 
ft  AGL).  IMC  was  simulated  by  means  of  electronically  fogged  goggles,  which  were  wired  to  the  radar 
altimeter,  and  which  automatically  cleared  at  50  ft  thereby  simulating  breakout.  Ihe  goggles  were  cleared  on 
every  approach  so  that  the  evaluation  pilot  did  not  have  to  make  the  missed-approach  decision  at  DHL 

The  deceleration  profile  was  taken  from  the  Ref.  7  and  8  work,  and  consisted  of  a  constant  attitude 
deceleration  of  about  .045  g.  from  60  kts  groundspeed  to  a  nominal  20  kts  groundspeed  at  OH.  The  radar 
altitude  box  on  the  EADI,  and  the  digits  within  the  box  flashed  at  10  ft  above  decision  height,  and  remained 
flashing  while  below  this  height. 

Nearly  all  of  the  runs  were  made  using  the  manual  flight  director  for  the  IMC  portion  of  the 
approach.  A  few  coupled  runs  were  made,  and  these  indicated  that  the  transition  was  slightly  more  difficult 
because  of  the  additional  workload  of  disengaging  the  coupler,  and  transitioning  into  the  control  loop.  There 
was  some  concern  that  the  details  of  the  mechanization  of  the  autopilot  cutoff  could  have  a  significant  impact 
on  the  results,  so  it  was  decided  to  proceed  with  manual  approaches  for  this  initial  exploratory  program. 

It  was  determined  that  the  pad  markings  investigated  in  this  program  did  not  have  a  significant  effect 
on  the  transition  from  DH  to  hover.  The  baseline  pad  consisted  of  eight  orange  traffic  cones  outlining  a 
square  which  measured  100  feet  on  each  side.  A  second  pad  was  tested  which  consisted  of  the  same  basic 
markings  plus  lead-in  cones  which  depicted  two  large  arrowheads  along  the  final  350  feet  of  the  final  approach 
course.  These  lead-in  cones  were  of  little  or  no  value  because  they  were  under  the  nose  almost  immediately 
after  breakout,  essentially  all  of  the  runs  were  made  to  the  pad  without  lead-in  cones.  In  actual  practice,  such 
lead-in  guidance  would  be  useful  to  maximize  the  lower  boundary  of  the  DH  window  by  extending  the  range 
of  the  "helipad  environment".  It  was  hypothesized  by  one  pilot  that  lead-in  strobes  surrounding  the  pad,  and 
pointing  the  way  to  the  center  of  the  pad,  would  be  useful  to  assist  ir.  finding  it  immediately  upon  breakout, 
especially  with  a  lateral  offset. 

The  majority  of  the  runs  were  made  to  obtain  estimates  of  the  size  and  shape  of  the  critical  upper 
boundary  of  the  decision -height  window'  using  a  9°  glideslope  angle.  The  conditions  at  DH  were  systematically 
varied  by  injecting  errors  into  the  flight  director  control  laws.  The  raw  data  displayed  to  the  pilot  was  not 
affected  so  the  pilot  was  aware  of  the  errors  at  DH,  as  he  or  she  would  be  in  actual  operations.  This  provides 
a  valuable  cue  since  the  pilot  "knows  where  to  look"  for  the  pad  during  the  first  few  critical  seconds  after 
breakout 

Systematic  variations  of  localizer  errors  were  beyond  the  scope  of  the  program.  However,  the  lateral 
flight  director  was  degraded  from  the  Ref.  7/8  study,  and  this  resulted  in  random  localizer  errors  at  breakout 
which  ranged  from  zero  to  about  60  ft.  These  lateral  errors  were  not  deemed  to  be  a  significant  problem  by 
any  of  the  pilots. 

Data  was  collected  for  four  pilots.  Two  pilots  were  test  pilots  from  the  NRC,  one  is  an  FAA 
certification  pilot  from  the  Southwest  region,  and  the  other  is  the  author  of  this  paper.  All  are  commercially 
rated  helicopter  pilots  with  significant  experience  in  handling  qualities  flight  testing,  and  the  use  of  the  Cooper 
Harper  handling  qualities  rating  (HQR)  scale. 


ANALYSIS  OF  RFJ8ULTS 


Correlation  of  Pilot  Rating  Data  »ik3  Commentary 

The  detailed  pilot  rating  results  are  presented  in  a  spreadsheet  in  Ref.  3  along  with  a  summary  of  the. 
pilot  commentary  for  each  run.  The  data  for  the  9°  glideslopc  on  the  DH  window  coordinates  (dtf  vs  Vj-jpj) 
in  Figure  4. 

The  data  fairings  in  Figure  4  (which  define  the  upper  boundaries  of  several  example  DH  windows  to 
be  discussed  billow)  resulted  from  the  following  interpretations  of  the  pilot  rating  results. 

®  All  regions  of  the  DH  window  coordinates  containing  points  with  HQR  —  7  have  been 
defined  as  'unacceptable",  even  if  other  data  points  in  that  region  have  been  rated  HQR  = 

4,  and  5.  The  rationale  is  that  these  7  rating(s)  resulted  from  a  slight  delay  or  initial  misuse 
of  the  controls  in  initiating  the  proper  action  from  a  very  marginal  initial  condition  (see  pilot 
commentary  in  Reference  3  or  4).  if  the  region  Is  so  critical  that  an  overshoot  can  result 
from  a  slight  delay  or  mistake,  it  should  be  disallowed  for  normal  commercial  operations. 

This  interpretation  of  the  data  causes  the  curves  to  drop  off  steeply  at  speeds  above  25  knots 
due  to  two  points  with  HQR  =  7  at  37  and  36  kts  groundspeed,  These  two  data -points  cause 
a  number  of  cases  with  HQR  -  4  to  fall  in  the  unacceptable  region.  This  is  discussed  in  more 
detail  below. 

®  Regions  with  a  large  number  of  6s,  some  5s  and  an  occasional  4  have  been  defined  as 
unacceptable.  This  is  based  on  the  rationale  that  HQR  ~  6  if.  indicative  of  a  requirement 
for  extensive  pilot  compensation  just  to  make  the  pad  without  an  overshoot  (i.e.  "adequate 
performance"),  and/or  very  objectionable  but  tolerable  deficiencies.  A  region  where  such 
ratings  are  abundant  seems  excessively  risky  for  commercial  operations  to  very  low  instrument 
minimums.  This  interpretation  causes  the  left  side  of  the  upper  boundary'  to  be  flatter  than 
it  would  be  if  only  HQRs  of  7  were  considered  as  unacceptable  (see  Figure  4). 

•  The  "marginal  region"  contains  mostly  points  which  were  assigned  HQRs  between  4  and  5. 

That  is,  "deficiencies  warrant  improvement"  and  adequate  performance  requires  "moderate" 
to  "considerable"  pilot  compensation  on  the  Ref.  9  HQR  scale. 

•  The  "desirable  region"  consists  of  mostly  ratings  of  3  or  better,  i.e.,  "satisfactory  without 
improvement"  on  the  HQR  scale.  A  few  points  with  HQR  ~  4  in  this  region  all  contain 
pilot  comments  related  to  vibration;  a  problem  unique  to  she  Bell  205A  anti  not  related  to 
the  DH  window. 

The  desirable  region  in  Figure  4  is  proposed  as  a  design  goal  for  approach  couplers  and  flight 
directors  intended  to  achieve  a  decision-height  of  50  ft  following  a  decelerating  approach  in  1MC 
conditions.  The.  suggested  demonstration  would  be  similar  to  that  used  for  fixed  wing  approach 
couplers  for  Category  ilia  autoiand  systems."’ 

The  outer  limit  of  the  marginal  region  is  proposed  as  the  missed  approach  boundary,  and 
would  be  full  scale  deflection  on  the  raw  data  tor  the  final  segment  of  the  approach. 


“  Current  fixed-wing  categoiy  Ilia  couplers  ate  usually  designed  ami  certified  within  the  guidelines  of 
Advisory  Circular  20-57A  which  specifies  touchdown  performance  limits  which  must  be  achieved. 


The  above  rationale  is  based,  in  part,  on  the  pilot  commentary  for  ratings  which  fall  along  and  outside 
the  faired  boundaries.  These  are  summarized  on  Figure  5.  This  figure  includes  the  faired  lines  front  Figure 
4,  and  several  shaded  ellipses  to  indicate  general  regions  of  pilot  commentary.  The  right  most  ellipse  indicates 
that  the  upper  limit  on  groundspeed  at  DH  is  defined  by  excessive  pitch  attitudes  and  high  collective  activity 
(essentially  a  quicksiop  maneuver).  Moving  up  and  to  the  left,  the  commentary  still  indicates  that  the  pitch 
attitude  is  marginally  high,  collective  activity  is  excessive,  and  that  pad  visibility  is  becoming  a  problem.  The 
left-most  ellipse  indicates  a  region  where  the  pilots  were  concerned  with  rotorcraft  performance  limits 
associated  with  steep  approaches,  and  that  pad  visibility  has  become  a  significant  problem.  It  should  be  noted 
that  the  glare-shield  on  the  Bell  205  is  reasonably  low,  and  that  the  visibility  over  the  nose  of  some  more 
modern  helicopters  is  somewhat  worse.  The  urgency  along  the  upper  boundary  is  generally  classified  as 
moderate;  not  a  good  situation  for  a  transition  from  IMC  to  a  VMC  hover,  at  altitudes  below  50  ft  AGL. 

The  faired  boundaries  from  Figure  4  are  presented  without  pilot  ratings  or  commentary  in  Figure  6. 
The  shaded  region  on  the  right  side  of  Figure  6  contains  primarily  HORs  of  4  to  4.5  with  two  notable 
exceptions  -  a  pair  of  7s.  The  upper  limit  of  this  region  is  defined  by  a  line  of  constant  veff-  *n  fact,  if  it  were 
not  for  the  two  pilot  ratings  of  7,  the  line  of  yefj  =  20°  would  nicely  separate  the  HQR  6  and  7  ratings  front 
the  HQR  4  and  5  ratings.  Hence,  it  can  be  argued  that  an  effective  flight  path  angle  of  20°  represents  the 
limit  of  the  energy  dissipation  capability  of  the  Bell  205,  as  long  as  the  pilot  responds  immediately,  and  with 
the  correct  control  inputs  at  DH.  However,  if  the  pilot  encountered  some  delay  (such  as  in  making  a 
transition  from  fully  coupled  to  manual  flight,  or  lacking  good  speed  and  sink-rate  cues  at  DH),  an  overshoot 
of  the  pad,  and/or  excessive  pitch  attitudes  tended  to  result.  A  margin  or  pad  is  required  from  the  yeff  —  20° 
line  for  groundspeeds  above  about  25  kts  to  eliminate  the  shaded  region  in  Figure  6.  A  review  of  the  time 
histories  of  runs  along  this  more  restricted  boundary  indicate  that  it  results  in  a  maximum  pitch  attitude  of 
about  14°.  For  the  two  runs  in  the  shaded  region  where  the  pilots  started  late  and  assigned  ratings  of  7,  a 
maximum  pitch  attitude  of  21°  was  observed.  In  fact,  this  is  approximately  the  maximum  pitch  attitude 
observed  for  all  runs  in  the  unacceptable  region  for  all  of  the  pilots. 

The  peak  pitch  attitude  used  during  the  final  portion  of  the  deceleration  to  hover  is  closely  correlated 
to  the  minimum  power  (collective  position)  used  by  the  pilot.  It  is  therefore  not  surprising  that  the  steep 
upper  boundaries  which  correlate  the  pilot  rating  data  in  Figure  4  are  well  fitted  by  lines  of  constani  torque 
(power).  This  is  illustrated  in  Figure  7  where  it  can  be  seen  that  the  data  fairings  (thick  lines)  follow  lines 
of  constant  torque  after  departing  lines  of  constant  Yeff-  The  usefulness  of  this  observation  will  be  discussed 
in  more  detail  in  the  following  section. 

DEVELOPMENT  QF  EXAMPLE  DECISION -HEIGHT  WINDOWS 

The  physical  significance  of  ye(f  is  that  it  represents  an  equivalent  task  that  is  more  easily  understood 
and  interpreted  than  the  complex  deceleration  to  hover  from  breakout.  The  "equivalent  task"  is  to  fly  at  a 
constant  flight  path  angle  (y  =  yem  and  at  ihe  speed  at  DH.  For  example,  if  the  helicopter  arrives  at  the 
decision-height  35  tt  above  a  nominal  9°  glideslope,  and  at  a  groundspeed  of  25  kts,  ye(f/yQ  is  calculated  to 
be  3.  Therefore,  Yeff  =  27°  (3  x  9°),  and  the  task  of  decelerating  to  hover  is  equivalent  to  flying  at  a  constant 
speed  of  25  kts  and  a  flight  path  angle  of  27°.  Plotting  this  on  the  y  -  V  curves  for  ihe  Bell  205,  (e.g.  see 
Figure  8)  indicates  that  it  would  require  a  very  low  amount  of  torque  (approximately  7  psi),  and  hence  is  near 
a  basic  rotorcrafi  deceleration  limit. 

While  the  y  -  V  curves  represent  the  theoretical  performance  capability  of  the  rotorcraft,  it  is  well 
known  that  there  are  other  restrictions  which  must  be  superimposed  on  these  curves.  Some  restrictions  arc 
performance  related  (e.g.,  vortex  ring  state,  height-velocity  curve,  and  vibration),  and  other  restrictions  tend 
to  be  centered  about  degraded  handling  quaiities.  the  results  discussed  above  indicate  that  below  about  25 
kts  groundspeed,  the  limit  consists  of  a  line  of  constant  effective  flight  path  angle,  yefj.  Above  25  kts,  the 
boundaries  departed  from  a  constant  yeff  by  bending  down  sharply  and  thereby  limiting  the  maximum 
groundspeed  (e.g.,  see  Figures  4  or  6).  Interestingly  these  departures  from  constant  yc^  are  well  approximated 
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by  lines  of  constant  torque  or  power.  This  is  illustrated  in  Figure  7,  where  lines  of  constant  torque,  and  lines 
of  constant  aerodynamic  flight  path  angle  have  been  mapped  from  the  y  -  V  coordinates  onto  the  DH  window 
grid  of  glideslope  error  vs.  groundspeed.  Here,  it  can  be  seen  that  the  data  fairings  in  Figures  4  and  6  can  be 
well  approximated  by  lines  of  constant  effective  flight  path  angle  and  lines  of  constant  torque  as  follows. 

Nominal  missed  approach  boundary  Extended  Missed  Approach  Boundary 

V  <  25  kts  -  yeff  =£  20*  V  <  35  kts  -  yeff  :S  20° 

V  >  25  kts  -  Torque  2:  10  psi  V  2  35  kts  --  Torque  >  5  psi 

The  above  missed  approach  boundary  definitions  are  superimposed  on  the  Bell  205A  y  -  V  curves 
in  Figure  8a.  Any  point  in  the  noted  "nominal  safe  region"  of  this  plot  represents  a  flight  path  angle-airspeed 
combination  that  is  flyablc  with  good  handling  qualities.  Once  a  safe  y  -  V  region  is  defined,  its  boundaries 
can  be  mapped  onto  coordinates  of  de  vs.  (via  the  yeff/y0  equation  by  solving  for  de)  to  obtain  a 
decision-height  window.  An  example  of  such  mapping  is  illustrated  in  Figure  8b  for  the  Bell  205,  and  a  9° 
glideslope  angle. 

A  less  conservative  "extended  boundary"  for  the  missed  approach  window  is  defined  if  the  shaded 
region  on  the  right  side  of  Figure  6  is  ignored.  This  extended  boundary  is  defined  by  yeff  =  20°,  and  by  a 
line  of  constant  torque  of  5  psi  above  35  kts  in  Figure  8a,  These  limits  are  mapped  onto  the  d€  vs.  VDH 
coordinates  in  Figure  8b.  A  comparison  of  the  extended  missed-approach  window  with  the  "nominal"  window 
in  Figure  8b  indicates  that  the  primary  difference  is  that  significantly  higher  airspeeds  are  allowed.  The. 
rationale  ifor  the  less  conservative  extended  window  would  be  based  on  significantly  improved  cues  due  to 
helipad  markings  and  lighting,  and  possibly  a  larger  landing  area  or  overrun.  The  helipad  in  this  experiment 
was  100  ft  on  a  side  as  compared  to  the  pad  used  in  the  FAA  tests  at  Atlantic  City  (Ref.  1)  which  was  150 
ft  on  a  side 

As  noted  above,  the  extended  DH  window  results  from  inclusion  of  most  of  the  shaded  region  in 
Figure  6,  and  hence  the  two  HQR  =  7  ratings  at  -  32  and  36  kts.  As  discussed  earlier,  these  ratings 

both  represent  cases  where  the  pilots  noted  some  confusion  between  breakout  and  initiating  action  to 
decelerate  to  hover  (see  pilot  comments  in  Refs.  3  or  4  for  cases  5  and  78).  All  other  ratings  in  this  region 
are  HQR  =  4  to  4.5.  It  could  be  argue  1  that  with  better  cuing  or  a  larger  landing  area,  any  delays  or  initial 
misapplication  of  controls  would  be  eliminated.  The  physical  significance  of  eliminating  the  margin  afforded 
by  the  "extended  region"  in  Figure  6  can  be  illustrated  on  the  y  -  V  curves  in  Figure  8a.  The  upper  torque 
limit  (10  psi)  represents  the  nominal  missed-approach  window,  and  the  lower  torque  limit  (5  psi)  represents 
the  extended  missed-approach  window.  Consider  now  the  following  example.  If  the  pilot  arrives  at  DH  at 
point  A  (Figure  8a),  and  experiences  sonic  delay  in  initiating  the  proper  action  at  breakout  (due  to  poor  cues, 
etc.),  it  will  be  necessary  to  operate  in  the  "extended"  region  (e.g.,  point  B)  to  stop  at  the  pad  That  is,  since 
the  deceleration  was  started  late,  a  lower  torque  is  required  to  make  it.  The  pilot  rating  data  indicate  that 
this  is  not  a  problem  since  most  HQRs  in  the  "extended  region"  (i.e.,  the  shaded  region  of  Figure  6)  arc  4, 
If,  on  the  other  hand,  the  extended  missed  approach  window  is  used,  and  the  pilot  arrives  at  DH  at  point  B 
and  encounters  the  same  delay  (like  the  two  7s  at  32  and  36  kts),  the  possibility  of  "making  it"  is  very  poor 
since  he  will  be  operating  in  a  region  of  solid  7s,  i.e.,  point  C.5  This  is  potentially  hazardous  since  reaching 
the  decision- height  point  with  the  landing  area  in  sight,  by  definition,  means  that  an  abort  is  no  longer  part 
of  the  pilots  mental  scenario.  The  overshoot  would  result  in  an  accident  unless  there  is  some  "overrun  area" 


5  Point  C  cannot  be  mapped  on  to  the  DH  window  coordinates  because  the  effective  decision  height  is 
actually  lower  than  50  ft  as  a  result  of  the  pilot  delay.  However,  operating  at  point  C  requires  the  deceleration 
characteristics  that  were  found  to  be  unacceptable  in  the  experiments  (i.e.  torque  <  5  psi  and  ycjj  >  20°). 


i.e.,  the  larger  helipad  discussed  above  as  rationale  for  using  the  extended  missed  approach  DH  window. 

The  point  of  considering  the  nominal  vs.  extended  decision  heigh!  window  is  not  very  interesting  for 
the  Bell  205,  since  it  is  unlikely  that  anyone  would  consider  using  such  an  old  machine  for  IMC  decelerations 
lo  a  50  ft  DH.  However,  it  does  illustrate  that,  in  general,  the  missed  approach  DH  window  should  be  based 
on  a  margin  from  the  y  -V  limits  where  the  helicopter  is  not  comfortable  to  fly.  A  more  quantitative  arid 
generalized  definition  of  such  limits  will  require  additional  study.  Such  work  is  best  accomplished  in  ground- 
based  simulation  where  the  generic  characteristics  of  the  rotorcraft  can  be  systematically  varied,  and  operation 
in  marginal  regions  of  the  y  -  V  curves  can  be  safely  tested.  The  DH  window  for  approach  coupler  and/or 
flight  director  requirements  should  obviously  be  based  on  regions  of  the  y  -  V  curves  where  the  performance 
and  flying  qualities  are  in  the  desirable  range. 

Effect  of  Configuration  and  Glides  lope  Angle 

The  ratio  yeff/y0  has  been  shown  to  be  a  function  of  the  glideslope  error,  decision  height,  hover 
height,  and  groundspeed  at  DH.  This  relationship  is  plotted  in  Figure  9  which  gives  an  indication  of  the 
variations  in  window  size  as  a  function  of  yeff/y0-  These  generic  curves  indicate  that  the  DH  window  for 
missed  approach  reduces  to  dimensions  which  may  be  unachievable  (e.g.,  glideslope  errois  of  less  than  20  ft 
at  20  kts)  when  the  ratio  of  the  limiting  ya  (and  hence  Yeff)  l^e  helicopter,  lo  the  glideslope  angle  is  equal 
to  or  less  than  2  (i.e.,  yefj/y0  2=  2).  For  the  Bell  205  this  rule  of  thumb  would  limit  the  glideslope  angle  to 
20°/2  =  10°  which  is  consistent  with  the  experimental  results.  That  is,  initial  testing  indicated  that  glideslope 
angles  much  greater  than  9°  were  not  practical  in  the  Bell  205.  Conversely,  increasing  yeff/y0  increases  the 
size  of  the  window.  A  direct  comparison  of  the  Bell  205  missed-approach  window  dimensions  for  glideslope 
angles  of  6°,  9°,  and  12°  is  shown  in  Figure  10.  Here  it  can  be  seen  that  the  window  for  a  12  degree 
glideslope  would  require  very  stringent,  but  not  unreasonable  approach  coupler  performance.  It  is  doubtful 
that  such  performance  is  obtainable  with  a  flight  director.  Reducing  the  glideslope  angle  to  6°  increases  the 
missed-approach  DH  window  dimensions  to  the  point  where  the  flight  director  of  Refs  7  and  8  would  be 
adequate. 

In  summary,  to  obtain  DH  window  with  dimensions  that  are  consistent  wilh  approach  coupler  and 
flight  director  performance  capability: 

•  The  aerodynamic  flight  path  angle  that  can  be  flown  without  degradations  in  handling  or  excessive 
vibrations  at  low  speeds,  should  be  at  least  twice  the  glideslope  angle. 

•  The  minimum  power  that  is  practically  usable  must  not  result  in  an  overly  restrictive  right  boundary. 

•  The  approach  coupler  or  flight  director  laws  must  provide  very  tight  tracking  in  the  presence  of  all 
expected  winds,  wind-shears,  and  gusts. 

Work  needs  to  lie  done  to  determine  the  flight  path  angle  capability  of  modern  rotor  systems.  The  tesuhs  of 
the  Ref.  7/8  program  would  indicate  that  fully  coupled  approaches  will  be  necessary  foi  steep  flight  path  angles 
unless  the  flight  director  deficiencies  noted  therein  can  be  resolved.  A  review  of  3-cue  flight  director  control 
laws  and  tracking  performance  is  given  in  Ref.  10. 


}  Effect  of  Helipad  Dimensions 

! 

t  The  down-range  dimension  of  the  helipad  will  clearly  have  a  significant  impact  on  the  jtze  of  the 

I  longitudinal  decision-height  window.  This  effect  may  be  estimated  by  assuming  that  the  target  hover  point 

|  is  50  feet  from  the  fat  end  of  the  pad  (i.e.,  superimpose  the  pad  used  in  the  present  experiment  on  the  f?r  end 

[  of  the  pad  with  increased  dimensions).  This  will  result  in  a  decreased  value  of  y0,  and  hence  increased 


’0-11 


YCff/y0-  The  increased  dimensions  of  the  decision-height  window  ca  ;  then  be  estimated  from  the  yc|(/y0 
equation  as  plotted  in  Figure  10. 

SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

A  methodology  has  been  developed  to  determine  certain  critical  decision-height  window  dimensions 
based  on  piiot/rotorcrafi  factors  and  limitations.  Specs  rally,  the  method  consists  of  determining  the  regions 
of  the  y  -  V  performance  curves  where  the  rotorcraft  flying  characteristics  are  acceptable,  and  mapping  these 
regions  onto  coordinates  that  define  the  DH  window  (i.e.,  d€  vs  V^^).  This  mapping  is  accomplished  via  the 
"effective  flight  path  angle"  parameter  or  yeff 

Insights  and  initial  estimates  of  the  DH  window  dimensions  have  been  obtained  from  an  exploratory 
flight  test  program  with  the  Canadian  NRC  variable  stability  Bell  205.  These  results  are  summarized  below. 

•  The  upper  and  right  boundaries  of  the  DH  window  are  based  on  helicopter  performance  limits. 

•  The  left  boundary  of  the  DH  window  is  based  on  rotorcraft  handling  at  very  low  airspeeds. 

•  The  bottom  boundary  of  the  DH  window  is  based  on  obstruction  avoidance,  and  pad  visibility.  This 
boundary  is  not  affected  by  rotorcraft  performance  or  handling  qualities. 

•  The  right  boundary  of  the  DH  window  is  based  on  the  minimum  usable  torque  (power),  and  related 
maximum  acceptable  pitch  attitude  during  deceleration.  Some  margin  is  required  to  account  for  pilot 
delay  in  initiating  the  deceleration  after  breakout. 

•  The  upper  boundary  of  the  DH  window  is  based  on  the  maximum  aerodynamic  flight  path  angle  that 
can  be  flown  at  low  airspeeds.  It  requires  some  margin  for  pilot  delay  or  control  misapplication  in 
conditions  of  poor  visual  cuing,  but  is  less  critical  in  this  regard  than  the  right  boundary. 

•  The  dimensions  of  the  DH  window  are  directly  proportional  to  the  ratio  of  the  maximum  usable 
aerodynamic  flight  path  angle  (i.e.,  ycff)  to  the  glidcslope  angle  (y0).  Values  of  YefflYo  -  2  result 
in  DH  window  dimensions  that  would  he  difficult  to  achieve  consistently  with  existing  flight  hardware 
in  a  variety  of  wind  and  windshear  conditions. 

The  DH  window  dimensions  obtained  from  considerations  of  pilot/rotorcraft  factors  and  limitations 
should  be  superimposed  on  other  operational  considerations  such  as  fickl-of-view,  airspace  availability, 
available  real  estate  for  helipad  and  approach  lighting,  obstructions,  noise,  etc.  The  ultimate  decision  on 
setting  the  window  dimensions  should  be  based  on  flight  testing  on  a  case-by-case  basis.  lire  results  of  this 
study,  and  any  future  studies,  should  provide  a  basis  for  estimating  reasonable  window  dimensions  prior  to 
such  testing. 
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Figure  1.  Approach  Geometry  Between  Decision-Height  and  Hover 
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Figure  2. 


Basic  Rolorcraft  Limitations  That  May  Affect  Decision-Height  Boundaries 
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Figure  3.  Y  -  V  Curves  for  XV-15  Tilt  Rotor  Aircraft  With  Example  Showing  Cosnpost-.nts  of  Ytff 
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Figure  4,  Pilot  R  stings  as  a  F’-ksetion  of  Glideslope  Etna  an-!  GroumUpeed  at 
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Figure  5.  Summary  of  Pilot  Commentary 
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f  igure  6.  Extended  Region  for  Decision  Height  Winslow 
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on  Decision  Height  Window  Coordinates  (7  =  9  ) 
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Figure  50.  Effect  of  Glideslope  Angle  on  Bell  205A  Missed  Approach  Decision  Height  Wi 
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1  -  INTRODUCTION 

Le  concept  de  commandes  da  vol 
Alectriques  s ' inoAre  dans  le  cadre  du 
contrOle  actif  gAnAralisA  sur  hAlicoptAre 
dont  le  pdle  d'intArAt  principal  s«  sltue 
dans  1 ' amelioration  des  qualitAs  da  vol 
des  machines  actuelles  et  la  diminution  de 
la  charge  de  pilotage  en  mission.  Ces  deux 
thAmes  constituent  les  axes  princlpaux  de 
recherche  du  ddveloppement  exploratoire 
des  commandes  de  vol  Alectriques  du 
DAUPHIN  6001,  dAveloppement  mettant  en 
oeuvre  sur  hAlicoptAre  des  technologies 
AprouvAas  A  ce  jour  sur  avion. 

La  philosophic  de  dAveloppement  des 
C.D.V.E.  sur  hAlicoptAre  s'Aloigne  quelque 
peu  de  celle  poursuivie  pour  les  avlona 
dont  le  but  principal  Atoit  d'augmonter 
les  performances  de  leure  machines  en 
terms  de  maniab.il  itA  et  de 
manoeuvrabilltA.  L ' augmentation  de  ces 
performances  se  traduisait  gAnAralement 
par  une  degradation  de  la  stability 
dynamiquo  do  1* avion  qui  se  trouvalt  alors 
compensAe  artif lciellement  par  les 
C.D.V.E.  L ’ hAlicoptAre  Atant  naturellement 
Instable  et  fortement  couplA  en  axes,  la 
demarche  poursuivie  est  A  fortiori 
diffArente  et  consiate  dans  un  premier 
temps  A  rAtablir  des  qualities  de  vol 
acceptables  pour  1 ' hAlicoptAre  et  A 
rAduire  dans  un  deuxiAme  temps  la  charge 
de  travail  du  pilote  en  proposont  A  la 
fols  un  pilotage  plus  simple  de 
1 ' hAlicoptAre  (par  object ii s )  et  une  aide 
dans  la  sux'veillance  des  limitations  du 
domaine  de  vol,  notamment  dans  des 
manoeuvres  agressives. 

Les  systAmes  actuels  (pilotes 
automatiques )  dAdiAs  A  ce  jour  A 
1 1  amAlioratian  du  pilotage  n'avaierit  pour 
vocation  que  de  se  substituer  au  pilote 
pour  maintenlr  1 '  hA.l  icoptAre  sur  des 
trajectoires  p.vA-dAterminAes.  Leur 
architecture  n'Atait  pas  prAvue 
initialement  pour  inclurc  le  pilote  dairs 
la  boucle  d ' asservissement  si  ce  n'est  au 
travers  d'une  fonction  S.A.S.  permettant 
de  garantir  une  stabilitA  apparente 
minimale  sur  action  pilotAe.  NAanmoins, 
les  performances  de  ces  systAnves  sont 
limitAes  A  ce  jour  par  des  contraintes  de 
sAcuritA,  iroposant  des  autoritAs  de 
fonctionneraent.  trop  insuff isantes  pour 
garantir  un  pilotage  performant  en 
manoeuvres  rapides. 

Disposant  d'un  mailleur  niveau  de 
sAcuritA,  les  commandes  de  vol  Alectriques 
autorl8ent  des  autoritAs  de  comroande  plus 
importantes  et  permettant  ainsi 
d'attelndre  des  niveaux  de  qualitAs  de  vol 
lorgement  supArieurs,  se  concrAtieant  par 
example  par  un  dAcouplage  complet  des  axes 
de  commands  en  manoeuvre.  Par  allleurs,  ce 
type  d ' architecture  de  commandes  de  vol 


faclllte  1 ' introduction  de  commandes 
minlaturioAea  idAales  pour  1 ' optimisation 
ex'gonomique  des  cockpits  futurs  et  bier, 
adaptAes  A  la  surveillance  passive  des 
limitations  du  domaine  de  vol 
(surveillance  exigeant  de  prAfArence  une 
action  sensitive  au  niveau  des  manches 
pilote  plutAt  qu ' une  alarms  visuelle  ou 
sonore  A  I'intAriev.r  du  cockpit). 

Ces  considArations  juntifient  en  grande 
partie  1’intArAt  que  1’on  doit  porter  A  cn 
type  da  commandes  de  vol  notamment  pour 
les  hAllcoptAres  de  combat  futurs. 


2  -  OBJECT! ES DE  L ’ EXPERIMENTATION  DES 
COMMANDES  DE  VOL  ELECTRIQUES  8UR  DAUPHIN 
6001 

Lea  deux  objectifs  princlpaux  des 
commandes  de  vol  Alectriques  se  rapportent 
essentiellement  A  1 ' allAgement  de  la 
charge  de  travail  du  pilote  en  mission  et 
A  1 'amAlioration  des  qualitAs  de  vol  de 
1 ' hAlicoptAre . 

E.lles  se  proposent  : 

.1  De  transformer  1 ' hAlicoptAre  en  un 
appareil  stable  sur  l'ensemble  du  domaine 
de  vol,  y  compris  sur  manoeuvre  agrees! ve. 

2  De  garantir  A  tout  moment  un 
dAcouplage  des  axes  de  comir.ande  de 
1 ' hAlicoptAre  afin  de  simplifier  le 
pilotage  de  1' appareil  dans  son  enveloppe 
opArationnelle . 

3  D ' augmenter  la  maniabilitA  de 

1 ' hAlicoptAre  si  nfecessalre,  afin  de 
diminuer  les  actions  de  commande  exlgAes 
aujourd'hui  sur  les  machines  A  rotor 
souple . 

S  De  simplifiei:  1 ' apprentissage  du 
pilotage  de  1 ' hAlicoptAre  en  rAalisant  une 
adaptation  parfaite  des  objectifs  de 
pilotage  aux  contraintes  opArationnelles 
de  ohaque  mission  (pilotage  par  objectif). 

5  De  gArer  automatiquement  less 
limitations  du  domaine  de  vol  que  le 
pilote  est  tenu  de  surveiller  aujourd'hui 
en  mission  au  travers  des  indications 
visuelles  et  sonoree  fournies  et  des 
consignee  stipulAes  dans  son  manuel  de 
vol . 

I, 'ensemble  de  ces  considArations 
constituent  les  axes  de  recherche  du 
dAveloppement  exploratoire  des  commandes 
de  vol  Alectriques  du  DAUPHIN  6001 .  Ces 
Atudas  ont  donnA  lieu  A  ce  jour  A  des 
essais  er.  simulation  pour  dAfinir  les  lois 
de  pilotage  idAales  permettant  d'attelndre 
les  niveaux  de  qualitAs  de  vol  exigAs  et  A 
la  realisation  du  dAmonstrateur  volant 
(DAUPHIN  6001)  pour  Avaluer  en  vol  les 
performances  d'un  tel  systAme. 
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Co  document  exposers  1ft  niAthodolog.ie 
aulvie  dans  la  rAnl Lsntion  des  lola  do 
pilotage  et:  dAtni.  l  lara  l'nrch)  lecture  du 
systAme  C.D.V.E.  roluiuio  pout  on 
dAmonstrateur .  tea  rAault.ats  don  premlAres 
Avaluations  soront  prAsantAs  A  la  fin  do 
ce  document,  mettant  on  Avidonce  lea 
performances  doo  lots  do  pilotage  AtudiAes 
dans  le  cadre  de  cette  expArimentntton. 


3  -  PRESENTATION  BE  L *  ARCHITECTURE  DU 
SYSTEM* 

I, 'architecture  du  systAme  rotonue  pour 
J.e  DAUPHIN  6001  eat  une  architecture 
duplex  Alectrique  ovec  secoura  mAcanique 
afin  de  respecter  le  niveau  de  sAcuritA 
exlgA  sur  ce  type  de  dAmonstrateur  volant 
Cette  architecture  est  prAsentAe  ci  aprAs 
oO  sont  reprAsentAs  tous  lea  composants 
Intervenants  dans  le  systAme  C.D.V.E.. 


Le  secoura  mAcanique  est  r&alisA  en  pluce 
gauche  par  la  timonerie  classique  de 
1 ' hAlicoptAre  que  i'on  a  conservAe  sur  ce 
poste  de  commande.  Cette  contrainta  de 
rAalisation  a  done  nAceasitA  de  promouvoir 
des  servocommandes  A  deux  entrAes 
Alectriques  et  A  une  entrAe  mAcanique  en 
lieu  et  place  des  servocommandes 
classiquos  utllisAos  A  ce  jour  sur  un 
DAUPHIN  sArie.  Pour  des  problAmes 
d '  encombrement  la  aan/ooanmande  arrlAre  a 
AtA  conservAe,  la  servocomnjande  C.D.V.E. 
commandant  le  rotor  arriAre  se  trouvant  en 
sArie  avec  cette  derniAre.  Le  passage  en 
mode  sacours  est  assurA  t  tout  instant  par 
une  recopia  dea  positions  mAcaniques 
Aqulvalentes  sur  les  manches  co-pilote, 
goranti  par  le  lien  mAcanique  ontre  la 
timonerie  de  secoura  et  les  tiroirs  de 
commands  des  servocommandes  C.D.V.E.  Le 
retour  en  mode  mAcanique  peut  s'effectuer 
manuelloment  soit  par  une  action 
volontaire  du  co-pilote  au  travers  de  sao 
boutons  de  dAbrayage  prAvus  A  cet  effet 
(sltuAs  sur  aes  manches  cyclique  et 
collectif),  soit  par  surpassement  d'effort 
du  co-pilote  exercA  sur  ces  coounandas, 
soit  par  la  manette  de  dAconnexion  du 
systAme  C.D.V.E.  situAe  A  portAa  des  deux 
pilotes  sur  la  console  centrale.  Ce  rolour 
en  mode  mAcanique  peut  Agalement 
s'effectuer  automatiquement  sur  dAtection 
de  panne  du  systAme  C.D.V.E.  A  partir  de 
la  surveillance  des  paramAtres  de 
fonctlonnement  du  systAme  complet 
lntroduite  tant  au  nivesu  des  calculateurs 
embarquAs  qu ' au  niveau  des  servccommandos 
C.D.V.E. 

Lea  ordres  de  commandes  Alectriques  sont 
rAalisAs  par  deux  calculateurs  embarquAs 
se  survolllent  mutuellement .  Cette 
surveillance  eat  rAalisAs  par  des  Achenges 


d  '  informal:  tone  entre  ces  deux  t  -n  1  cu  1  it  Lout  ei 
pour  vArifier  Itk  cohArenue  des  donnAes 
qu'lln  rogoivont  ot  iIsh  donnAes  qu'lls 
transmattent  aux  orgonos  de  commands .  Car; 
donnAes  sont  relatives  aux  informations 
captAes  Amanant  des  divers  senseurs  du 
systAme  C.D.V.E.  (positions  do  mancho, 
capteurs  d'Atat  du  mouvement  de 
1 ' hAli coptAre,  renopies  des  positions  des 
servocommandes )  digArAes  on  interna  par 
les  lois  de  pilotage  des  calculateurs.  Cen 
lots  Alaborent  les  ordres  de  pilotage  A 
transmettro  aux  Stages  d' entrAe  des 
servocommandes  on  vue  de  rAal.iser  des 
dAplacements  servocommandes  compatibles 
des  objectifs  de  pilotage  dAslrAs.  Ces 
ordres  sont  consol idAs  an  sortie  des 
calculateurs  avant  transmission  aux 
organes  de  conimande  da  chaque 
sorvocoiMandfa . 
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Les  ordres  transmis  par  lee  calculateurs 
sont  duplex  et  attaquent  les  deux  Atages 
d' entrAe  de  chaque  servocommande .  Ces 
ordres  sont  surveillAs  en  entrAe  de  chaque 
servocommande  pour  vArifier  la  ochArenee 
des  informations  Amanant  de  chaque 
calculateur.  Cette  surveillance  est 
rAarisAe  par  un  systAme  Alectronique 
disposA  en  interne  de  chaque 
servocommande.  Les  Atages  d' entrAe  sont 
chargAa  de  rAaliser  1 ' asservissement  des 
conunandes  des  deux  distributeurs  venant 
dAplacer  les  deux  corps  de  la 
servocommande . 

Les  capteurs  utilisAn  dans  le  systAme 
C.D.V.E.  sont  done  dupliquAs,  chaque  bloc 
de  capteurs  venant  informer  son 
calculateur  associA.  Les  performances  des 
capteurs  utilisAs  dans  cette 
expArimentation  sont  tout  A  fait 
convent ionnel les  et  font  appel  A  den 
donnAes  de  type  gyromAtriques, 
gyroscopiques,  accAlAr omAtriques  et 
baromAtriques . 

L' engagement  du  mode  Alectrique 
s'effectue  A  partir  d'un  Boitier  de 
commande  (B.D.C.)  sur  lequel  sont  disposAs 
les  boutons  de  sAlection  des  divers  modes 
de  fonctionnement  du  systAme  C.D.V.E. 
Notammant  los  fonctions  "test  prAvol" 
permettant  de  vArifier  au  sol  le  bon 
fonctionnament  du  systAme  et  le  "mode 
synchronisation"  sont  engagAs  directement 
A  partir  de  ce  Boitier  de  commande.  Ce 
dernier  mode  est  un  point  de  passage 
obllgatoire  avant  tout  engagement  du  mode 
Alectrique  de  manidre  A  ne  pas  gAnArer  das 
A-coups  our  les  servocommandes .  n 
consiste  A  synchroniser  touts  la  chalne  de 
commande  de  vol  Alectrique  ( manches 
Alectriques,  calculateurs)  A  partir  des 
positions  mAcaniques  imposAes  avant  la 
phase  d ’ engagement  par  le  pilots  de 
sAcuritA  au  travel's  de  la  timonerie 
mAcanique  de  secoura.  La  verification  de 
la  synchronisation  des  com  Tndes  de  vol 
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A'.ectr  IquoB  s’effoct.uH  A  part  i  r  d  '  tin 
voyant  difiposA  dl  roe lemon t  aur  le  Boitler 
de  commande  autori  saivt  ainsi  le  passage  an 
mode  Aloctrique.  Lo  levlex'  tl  ’ engagement  du 
mode  Aloetriqu©  eat  auto-matntenu,  une 
foie  1’ engagement  ©ffeatuA  ;  l’auto- 
maintien  Atant  dAgagA  aprAs  toute 
dAtection  do  panne  du  aystAme  ou  toute 
action  volontalre  das  naviganta  , 
dAgagement  se  tradulsant  par  un  retour 
ob.ligatoira  en  mode  mAcanique.  Pour 
facillter  1 ' expArimentation,  ca  Boitler  de 
commande  ast  dotA  d'un  sAlectour  de  io.J  a 
de  pilotage  parmattant  de  tester  nu  corn's 
du  mdm©  vol  plus lours  type  de  loia  sur  les 
mftmes  manoeuvres  ot  dans  les  niAmes 
conditions  de  vol. 
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L'ingAnieur  navigant  dispose  d'un  poste 
de  dAslgnation  de  donnAes  (P.D.D.)  lui 
permettant  d ' une  part  d'injecter  dans  la 
systAme  des  stimuli  calibrAs  prA- 
programmAs,  d’ autre  part  de  modif  ier  des 
gains  de  lots  de  pilotage  si  nAcessaire, 
et  de  contrO ler  1 ' Atat  du  aystAme 
Alectrique  A  chaque  instant.  Ce  Boitler 
peirmet  done  en  cas  de  panne  de  connaltre 
l'orlgine  de  la  panne  et  d’y  remAd.ler  si 
possible. 


Les  performances  des  servocominandes  ont 
AtA  augmentAes  vis  t  vis  de  celles  montAes 
A  ce  jour  sur  les  DAUPHIN  de  sArie.  Leur 
bande  pasaante  se  situe  A  12  Hz  et  leur 
vltesse  maximale  de  dAplac.ement  s'AlAve  A 
120mm/s  permettant  un  plein  dAbattement  en 
0,5  s . 


4  -  AHCHITECTUKE  DES  S.OI8  DE  PILOTAGE 

1. '  architecture  dea  lols  de  pilotage 
Avn.luAes  A  ce  Jour  dans  le  cadre  do  ce 
dfeveloppement  exp.lorotoire  eRt  basAe  aur 
une  technique  de  auivi  de  modAle  de 
rAfArence  de  type  implicit©.  Cette 
architecture  bien  adr.pt: Ae  A  la  rAali notion 
d'un  pilotage  par  objectlf  permet:  en  outre 
de  garantir  une  bonne  robus tease  au.x  lols 
de  commands  ainsi  gfenArAes . 

Le  prlncipe  consiste  A  asservir 
dynain.iquement  1 '  h61icopt:6re  A  un  modAle  de 
rAfArence  reprAsentant  la  dynamique  idCale 
dAsirAe  sur  action  de  manche.  Ce  principe 
d ' asserviasement  off re  une  certaine 
souplesse  dans  la  sAlection  dee  objectifs 
do  pilotage  dAsirAs,  variables  selon  In 
mission  demandAe,  sane  remet tie  en  cause 
l ' architecture  globa1  des  lois  de 
commando.  La  prAcislon  entie  le 
oomportement  de  1 1 hAlicoptAre  et  celul  du 
modAle  de  rAfArence  est  garanti  par  des 
retours  IntAgroux  dlsposAs  en  interne  des 
lois  de  pilotage,  permettant  par  ailleurs 
da  gArer  les  modes  long-terme  de 
'  1 ' hAlicoptAre . 

1 ' architecture  de  ces  Lois  fait  done 
appa.caitre  plusieurs  blocs  fonctionne.ls 
dont  les  rOles  consistent  A  garantir  A 
1 ' hAlicoptAre  de  bonnes  performances  en 
term©  de  dAcouplage  d'axes,  de  stabllitA 
et  de  maniabi.litA.  Celle-ci  pent  se 
reprAsenter  sous  la  forme  : 


Les  calculateurs  embarquAs  sont. 
programmAs  dans  des  langages  diffArents 
(PASCAL  et  LTR)  diminuant  ainsi  les 
sources  d'erreur  dans  la  programniation  des 
logiciels  embarquAs.  Une  frame  APINC 
permet  1'Achange  des  informations 
nAcessaires  entre  les  deux  calculateurs. 

L’ ensemble  de  ces  Aqulpements  constitue 
1  ’ architecture  du  systAme  C.D.V.E.  retenu 
dans  le  cadre  du  dAveloppement 
explore toire  du  DAUPHIN  6001 .  I<ss 
intervenants  dans  ce  programme  ont  AtA 
SFENA  pour  les  calculateurs  embarquAs, 
Boitler  de  commande  et  post©  de 
dAsignation  de  donnAes,  SAMM  pour  les 
servocominandes  et  leo  vArins  de  sensation 
ar tif ic.lelle  permettant  de  gArer  les 
efforts  au  niveau  des  manches  pilote,  et 
le  C.E.V.  pour  participer  h  1  Evaluation 
en  vol . 


On  retrouve  sur  cette  architecture  deux 
blocs  de  retours  d'Atats  (directs  et 
IntAgrAs )  dont  le  rdle  est  de  garantir  une 
bonne  stabllitA  dynamique  A  1 ' hAlicoptAre 
sur  1 'ensemble  du  domaine  de  vol  et  de 
promouvoir  des  dAcouplages  entre  axes 
satisfaisants .  Les  retours  IntAgrAs 
permet  ten  t:  par  ailleurs  d' asservir  A 
moyen/long  terme  t ' hAlicoptAre  au  modAle 
do  rAfArence  en  vue  de  rAaliser  les 
objectifs  de  pilotage  exigAs  par  le  pilote 
au  tr avers  de  ses  dAplacements  de  manche. 
Le  bloc  "dAcouplage  de  commande"  n'est  1A 
que  pour  facillter  la  tAche  des  lois  de 
pilotage  dans  lc  dAcouplage  des  axes  de 
I 'hAlicoptAre  sur  actions  pilotAes. 

l,e  blot:  "augmentation  de  i.tani ab i  1  itA" 
permet  do  modifier  temporal remen t  la 
consign©  instantanAe  de  pilotage  en  vue 
d’accroit re  si  nAcessai.e  la  m&nlabi lltA 
apparent©  de  1 'hAlicoptAre. 
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l,«  bloc  "mAiangeur  ct  llltrnge" 
reprAsente  le  mixago  den  commandos  en 
sorties  des  calculatouro  on  vue  de 
commander  1  us  Atnges  rl'entrAo  don  qu&tra 
set vocomandeB  dn  DAUPHIN  6001.  I.o 
filtrage  figurant  dans  col  to  arch!  tecturn 
correspond  A  la  suppression  do 8  f rAquenc on 
propres  do  vibration  de  1 ’ hAlicoptAre  qua 
l’on  ro trouts  directoment  sur  las 
informations  captAes  nAoensitres  A 
1  ’  Slaboration  des  lois  de  commands .  I., a 
rAlnjection  de  ces  f rAquences  de  vibration 
sur  les  servocommandns  eat  tout  A  fait 
inutile  voire  mfits  dangereuso  on  can  de 
ri'.ionsncfl .  Le  dAphosage  Aqui valent  rndult. 
par  1 ’ introducti on  de  ce  filtrage  pout  sc 
ramemr  A  un  retard  pur  Aqulvalent  de  50 
ms  ti  2  Hz,  c’est  A  dire  dans  les 
frequences  de  pilotage  traitAes  par  les 
lois  de  commande . 


5 .  KESULTftTS  Jfe.8  ESSAIS  EN  SIMULATION 

L’objectlf  de  ces  essais  Atait  de  valider 
ie  plus  en  amont  possible  les  concepts  ut 
1  *>  dAf ini tton  prAclse  des  Ids  de  pilotage 
rjei  commandes  de  vol  61ec.tr '  ques  proposAeu 
pour  1 ’experimentation  sur  la  DAUPHIN 
6001 . 

Ainsi,  aprAs  1  integration  des  logieiels 
"temps  rAel"  des  CDVE  sur  le  simulateur  du 
Centre  d 1  Essai  on  Vol  &  Istzes  SDVEH 
(Simulateur  de  vol  d’Atudes  pour 
hAlicoptAres ) ,  une  phase  d'essai  de 
simulation  pi.lotAe  a  permis  des  teste.:  dans 
le  plus  large  spectre  de  tfiche  possit't 
( IMC,  Non,  transitions)  la  caliditS  des 
concepts  proposAs . 

5.1.  Presentation  d«s  juoy ena  d ' essais 

£. '  Stude  a  5 1.6  nteriAe  sur  une  cabins  fine 
de  simulation.  Les  commandes  collect! f  at 
paionnier  Ataient  reliAes  A  des 
disposicifs  Alectro-hydrauliques 
programmabl.es  permettant  de  fair:?,  var.ier 
les  paramAtres  tels  quo  seuil,  raideur, 
frottements  sec,  visqueux.  La  cab.iro, 
6quip6e  d ' une  instrumentation  classique 
Atalent  install6e  A  1’intArieur  d'une 
sphAre  ou  Atait  projetA  sur  uri  champ  de 
60‘  de  diagonal,  un  paysage  gAr.Are  A 
partir  d'une  maquette  de  terrain.  Le 
pilot©  avait  Agalement  A  sa  disposition  un 
vrseur  tAte  haute  et  un  fcran  t6te  basse 
sur  lesquels  Ataient  projetAs  une 
symbologie  de  pilotage  (voir  planche 
sui vantc  )  . 


Le  module  de  base  de  1 ‘ h6i i cop t  Are  etait 
le  meddle  SfiO  dAveloppA  par  le  CEV  avec 
une  base  de  donnAes  du  type  hAl icoptdre 
DAUPHIN. 


Dana  net  to  Atudc,  11  eat  cppnru 
IntAraseant  da  retenlr  deo  icAnarios  de 
vol  pr  Ac i h  qui  Atniont  rApA46s  par  le 
pilot©  pour  chaque  configuration.  Una 
configuration  da  vol  6tant  caractArisAe 
par  diffArents  types:  de  lot  de  pilotage, 
de  mlnimanche,  da  visualisation  (Vi  sour 
t'fite  haute,  6cran  t:6te  bass©,  instrumant 
da  bord ) ,  de  stabilisation  machine. 

DAu  lors,  le  pilot©  pronongait,  par 
configuration,  un  Jugemenc  sur  les 
qunlitAs  de  vol  de  1 ’ hAlicoptAre.  Les 
616ments  de  cat  to  Avaluatlon  Atant  les 
comroen caires  du  pilot©  ainsi  que 
1 ' attribution  d’une  note  (type  Acholle  de 
Cooper-  Harper  ) .. 

De  plus,  les  essais  Ataient  enreglatrds 
sur  une  band e  magnAtique  pour  f  t re  reiouAs 
par  la  suite  en  temps  dlff6r6  A 
1 '  AArospatiale  afin  de  mectre  en  Avidenoe 
tous  les  problAmew  rencontres  pendant  la 
simulation  "temps  rAa.l  "  . 

I'lusieurs  lois  de  pilotage  ont  AtA 
proposAes  en  Avaluation.  La  planche 
sulvante  montre  les  principes  on  plutbfc 
les  object t f s  re  pilotage  proposes  par  i.xe 
de  pilotage. 

Tous  les  oujectifs  pouvaient  At re 
"mixAs"  entre  eux  et  rournl r  ainsi  de 
nombr  ?ut rr,  configurations  be  loi  de 
pilotage . 


5.2.  Pr Asentat ion  desrAsullatsd’ essais 


Les  objectifs  ae  pilotage  retenus 
dans  un  p. vernier  temps  pour  not re 
evaluation  en  vol.  sent  restAa  classiques 
et  se  rapprochent  du  comportementnaturel 
instantanA  cl'un  hAi  lcoptdrc .  Ce  chaix 
semble  se  justifier  par  le  besoin  de. 
pouvoir  parser  d'une  machine 
conventionnelle  A  ce  nouveau  type  de 
machine  sans  trop  de  discon tinuite  dans  la 
philosophie  de  pilotage.  Cette,  approche 
ijjdustr iellv'  justifie  ce  choix  initial  des 
objectifs  de  pilotage  en  dAbut: 
d ' expArimentation,  pilotage  qui  englobe 
1' ensemble  des  missions  que  rempi J t 
aujourd’hui  un  h61  loop tftre ,  sans  p-'et:endre 
afficher  des  qualitAs  de  vol  optimales  sur 
chacune  d'elie. 


Le  pilotage  proposA  et  rAalisA  par  le 
mod Ale  de  rSfArence  consist©  done  A: 

--  piioter  le  vitesse  angulaire  de 
tangage  sur  la  commande  eye 11 que 
longitudinal , 

-  pJ  liter  la  vitesse.  angulaire  de  roul  is 
sur  la  commande  cyclique  latArale  en 
garantissant  le  virage  coordonnA  en 

croi.  si  Are, 

pi lotor  ilirectement  le  pas  gAnAral  sur 
le  mane he  collect  If, 

-  plloter  la  vitesse  angulaire  de  lacet 
en  basses  vltesses  et  le  facteur  de  charge 
iatAral  en  crnisiAre  sur  le  palonnier. 


..'I  -s 


Co  pilotage  se  rapprochn  of fectlvement 
tJu  compor lament  nature!  d  1  un  hAl  icoptAre  4 
court  term®,  tout  en  off  rant  an  plus  une 
steoillt.A  et  un  dAcouplege  des  axes  bien 
plus  performnnts. 

XI  faut:  copendant  noter  quo  la  lol  do 
pilotage  retenue  ne  permot:  pas  d'effeetuar 
dos  manoeuvres  tellas  quo  le  poser  et.  Le 
dAcollage  aur  pen tre  ou  la  roulage. 

D'une  mani&ra  gloftrele  .1.1  rnanquait  au 
pilot®  dans  cos  configurations  le  retour 
d '  Information  des  positions  do  gouvernea. 

G .  RKSULTATS  DES  KSSftiS  EH  VOL 

D'une  fagon  trA*  gAnArale ,  ces  ossein  en 
vol  ont  consist^  A  Atudier  la  faisabilitfi 
of  1'intArAt  des  CDVE  sur  hAlicoptdre. 

Dans  ce  context®,  les  essois  en  vol 
comport.oiont  tools  phases  d'essaia 
correspondent  aux  prlncipaux  object! fa 
rechercnAs  pour  cette  6va.luat.ion: 

1.  la  mise  au  point  d'une  lox  di recto, 
reprAsentant  un  tramsfert  iv  it. 6  entre  les 
mancheo  de  pilotage  et  lea  gouvarnss. 

Cette  lol  a  permit)  de  valider  la  syetAma 
r.omplst  des  commondes  de  vol  Slectriques 
au  niveau  fonctionnel  avant  tout® 
experimentation  de  loirs  Avolues, 

2.  1  Evaluation  de  la  loi  de  pilotage 
AvoluAe,  dAterminAe  durant  la  phase 

d’ nasals  sur  simulateur.  Les  performances 
de  catte  loi  de  pilotage  pouvant  Atra 
comparAes  vis  A  vis  d ’ un  pilotage 
convantionnel  avec  la  ioi  directe, 

3.  l’Avaluation  du  pilotage  dr. 

1  TiAlicoptAre  par  I  ’  intermAdiaire  d'ur. 
minimanche  dans  la  configuration  de 
pilotage  testAe  sur  simulateur,  e'est.  a 
dire  2 <1+1. 

Durant  les  phases  2  et  3,  or.  a 'est 
IntAressA  prlncipalement  A  relever 
l'apport  des  conunandes  de  vol  Alectriques 
sur  hAJ.icoptAres  en  terme-. 

-  d 'amAlioration  des  qua  lit  As  de  vol, 

-  da  diminution  de  la  charge  de  travel  ’. 
du  pllote. 

f> .  1 ,  Jfjc/hsmxcc t Aon _*ox?s*a  d ' essa is 

Ces  oasaio  ont  AtA  1' occasion  pour  les 
ess«i3  en  vol  de  se  familiarlser  avec  les 
techniques  modernes  dans  ie  domain®  du 
control®  automat.ique  gAnAralisA  du  vol. 

Cno  1  concernait  bien  sur  1 '  Installation  de 
mesure  embarquAo  maid  Aga lemon t  les 
m&thodes  d' analyse  des  qualitAs  ie  vol. 

Cas  de.rniA.reK  ont  pe.vmis  d '  expArimonter 
les  moyeas  d'essars,  le  vocabulaire  et  les 
concepts  nouveeux  wi  ont  *-.t;A  dAveloppAs 
pai  les  Avaluateurs  amArio&ins  et  qul  sort 
en  train  des  deversir  le  moyen 
universal iement  reconnu  pour  tenter  de 
quantifier  lea  quail tAs  de  vo:  . 

Dans  ce  contexts,  or.fc  Aid  pratiques, 
entre  autres,  1' usage  de  I'Achelle  de 
COOPER  HARPER  pour  .noter  la  puwsibil  ji.  tA 
d '  accompli  r  unti  tflche  qoi  pew  so  rfisuaar 
A  un  A". Ament  de  mission  t>  insi  que  des 
essals  spAcifiques  pormettant  au  Bureau 
d' Etudes  de  positionnei  le  Df,U'.JHlM  vis  A 
vis  des  propositions  da  now  d les  nornes 
Q3V. 

6.2.  Prtosentatlo'i  den  r  Ami  ixts  d'etuio 

L '  avancement  actuel  rtu  prog  r  vwme  perroet. 
oe  fournir  ie®  r&sultats  rei.at.lfu  au> 
phases  d'essai  en  vol  n*  1  et  2 


Sept  pllotes  ont  A  ce  Jour  effectuA 
environ  30  heures  de  vol  qul  ont  perm  Is 
d'Avaluer  In  lol  de  pilotage  proposAe  pour 
1 '  e.xpAr  imentat  Ion . 

6.2.1.  Analyse  des  quali tAs  de  vol 

L'avis  gAnAral  des  pllotes  se  rAsume  par 
un  consportement  de  la  lol.  en  tarines  de 
dAcouplages  d'axes  et  de  niveau  de 
stabilltA  atteint,  visibles  notamment  en 
zone  de  turbulences.  La  mlse  au  point  de 
la  lot  de  pilotage  n'n  suscitA  que  trAs 
pen  d'heures  de  vol,  mettant  alnsi  en 
Avidence  l.e  niveau  de  robustesse  d'une 
telle  architecture  de  loi. 

L'appront.lssage  de  cette  loi  s' est 
avArAe  Stre  inafantanAe,  ne  nAcessi tant 
que  trAa  pen  <1  hourea  de  vol 
d ’ aocoutumance,  justifiant  a.in_i  le  choix 
des  objectl fs  de  pilotage  retenus  pour 
catte  premiAre  experimentation . 

Les.  qualitAs  de  vol  apportAs  par  la  loi 
sent  conformes  tsux  rAsultats  de  simulation 
et  correspondent  au  cahiei'  des  charges 
fixAs  initialement  dans  not re 
experimental ion  sur  les  niveau*  de 
stabilitA  et  de  dAcouplager  A  atteino're. 

La  maniabilitA  en  rouiis  a  semble  A  priori 
trop  important®  A  grandes  vit.esses.  Cette 
sur- mantabilitA  se  traduisant  par  un 
pompage  pilotA  rencontrA  dans  la  tenue 
d'une  incline! son  donnAe  en  turbulences, 
est  due  en  rAal.tA  au  seuil  trop  important 
existent  sur  la  commande  de  manche  de 
l'axe  considArA.  Ceseuil  est  relatif  A  une 
mauvaise  connai stance  de  la  position 
neutre  du  manche  rouiis  due  aux  bruits  de 
mesure  sur  cet  axe  et  au  jeu  mAcnnique  du 
manche . 

Get  inconvenient  de  la  chalne  de 
commands  cyclique  sera  rAsolu  par 
1 '  i-'t  reduction  d'une  commande  de  type 
minimanche  sur  c.el  axe,  commande  attendue 
A  ce  jour  pa"  les  pllotes  qui  ont 
participA  A  cette  Avai.uatior  car  bien 
adaptAe  &  ce  type  de  lot  de  pilotage 
expArimentA. 

Dans  1 ' ensemble,  la  qualitA  des 
ciecounlages  d'axe  et  le  niveau  de 
stabilitA  de  la  machine  notamment  dans  les 
forces  turbulences  ont  seinblA  tout  A  fait 
sat Isf aisunts .  Les  transitions  entre  la 
croisiArs  et  les  basses  vitesses  n’ont  pas 
ooulevA  de  prop '.Ames  spAcifiques  dans  les 
deux  sens  de  traversAe. 

Les  rAsul'ats  de  i 'analyse,  quantitative 
d®«  qi.aiifAs  de  vol  sons  fournis  en 
annexe . 

Compte  tenu  de.  ces  rAnultat..  et  en  se 
jefl.rffnt  aux  cii  f6rgs  QDV  pir-nosA"  par  la 
proposition  de  nouvelles  norm.es  ADS. 33. C, 
r.ous  cunstptons  que  ie  DAl/PHIM  muni  de 
cette  loi  da  pilotage  AvoluAe  se  place  A 
la  irontlAre  du  niveau  I  sur  lea  trois 
axes.  L'objviotif  initial  n'ayant  pas  At 6 
d'opttmi ser  cette  maniabllitA,  ces 
rAsultats  soi.t  satisfaisants  dans 
l 'ensemble.  II  rasters  A  amAliorer 
ultiriaursMent  la  band®  pssssnte  sur  lea 
trois  axes  atio  de  disposer  de  plus  de 
degrAs  de  liber t6  dans  le  rAg'.ag®  de  cettn 
Irani  abi li.  .:A . 
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6.2.2.  La  traitement  daa  limitations 

La  nacessit.E  d'une  geotlon  appropriEe 
das  limitations  du  domaine  da  vol,  dEjA 
apparue  en  simulation,  s' est  elairement 
imposEe  lots  de  1 '  Evaluation  en  vol  de  la 
loi  do  pilotage  EvoluEe. 

Leurs  implications  sur  la  aEcurltE  du  vol, 
la  charge  da  travail  du  pilote  et  1* aspect 
conformitE  aux  rEglements  en  vigueur  ont 
conduit  A  considErer  le  traitement  des 
limitations,  plus  gEriEralement,  ccmme  un 
point  crucial  et  incontournable  pour  le 
dEveloppement  futur  des  COVE  sur 
hElicoptEres. 

En  affet,  il  faut  3ouligner  1' aspect 
insidieux  gue  peut  revEtir  la  parte  de 
contrdle  A  bord  d'un  aEronef  EquipE  d'un 
systEme  CDVE  performant  et  possEdant  une 
pleine  autcritE  sur  toutes  les  commandes. 

Le  pilote  qui  sera  habituE  en  vol  "normal" 
A  un  certain  confort  de  pilotage  (absence 
de  couplage,  maniabilltE  optimale, . . . )  ne 
saura  pas  forcEment  quelle  attitude 
adoptEe  (sur  quelles  commandos  agir  ?)  A 
1 'approche  d'une  situation  qui  pourrait 
devenir  catastrophique  et  vers  laquelle  il 
est  sntrainE  irrEmEdiablement  par 
l'objectlf  de  pilotage  qu'il  a  assignE  au 
systEme. 

Le  traitement  des  limitations  associEes 
aux  CDVE  doit  conduire  certes  A  1' Etude 
d'une  solution  technique  mais  Egalement  A 
une  rEflaxion  des  services  certificateurs 
sur  un  cadre  rEglementaire  nouveau. 

Cartel ne  3  recommandatlons  des  services 
officials  frangais  telles  que  les  deux 
principal  de  base  suivants: 

-  le  pilote  doit  avoir  A  sa  disposition 
une  "restitution"  de  la  marge  de  commands 
de  ses  gouvernes  A  1 ' approche  de  leurs 
butEes, 

■■  cette  marge  doit  Etre  suffisamment 
dimensionnEe  pour  que  le  pilote  soit  en 
mesure  de  contrer  une  pertubation  qui 
intsrviendrait  en  limits  de  marge, 

ort  corduit  A  des  Etudes  spEcifiques 
menEes  par  1 ' AErospatlale  dans  le  cadre 
des  essais  en  vol  sur  le  DAUPHIN  CDVE. 

Les  essais  A  ven.tr  sur  le  DAUPHIN 
permettront  j.  ' application  d'autres 
principes  concernant  entre  autres  les 
limitations  du  domaine  de  vol  (vitesse 
air,  facteur  de  charge)  et  ies  limitations 
moteurs  (PMC,  PMD,  PMU,  PI.U). 

7.  CONCLUSION 

Les  commandes  de  vol  electriques, 
prometteuses  par  les  degrEs  de  ii.bertE 
quelles  off  rent,  ouvrent  vine  vole 
intEressante  dans  la  rEalisation  de 
qualitEa  de  vol  optimales  pour  nos 
hElicoptEres  futurs.  Le  dEvoloppement 
exploratoire  rnene  dans  le  cadre  du  DAUPHIN 
6001  »  EtE  dEdlE  A  la  recherche  de 
nouve..tux  concepts  de  pilotage  en  vue  de 
faci liter  la  t Ache  du  pilote  dans  la 
meitrise  de  son  apparell.  Cette  approche, 
pour  laquelle  le  carnctEre  lndustrlel  a 
prEvalu  dens  un  premier  temps,  s' est 
concrEtisEa  par  des  rEsultats  eisser 
satiafai&ants  sur  le  plan  de  la  rcbustesse 
des  lois  de  command©  alnol  gEnErEes  (mlse 
au  point  rapids) .  L'harchi tocture  duplex 
du  systEme  CDVE  retenue  pour  cette 
expEr  imentat  ion  est  loin  d'fttre 
rep "Esentat Ive  de  cells  d’un  apparell  de 
type  NH  90 .  NEanmoi ns  cette 
expErl mentation  est  riche  d ' enaeignement 


sur  les  difficulcEs  que  l'on  peut 
rencontrer  dans  la  rEalisation  de  ce 
nouveau  type  de  commandes  de  vol . 

Cette  premiEre  expEri mentation  assor 
prometteuse  permet  1 ' Evaluation  d'un 
nouveau  type  de  commands  plus  ergononnque 
et  mi.eux  adaptE  aux  contraintcs  de  place 
des  cockpits  d'hE.licopfcEre.  Ce  nouveau 
type  de  manche  sera  expErimentE  dans  les 
tous  prochains  jours  sur  le  DAUPHIN  6001 
afin  de  juger  les  performances  de  pilotage 
obtenues  A  par! ir  de  ces  commandos  toutes 
IntEgrEes . 

11  reste  A  approfondir  certains  concepts 
comma  ,1a  gestion  des  limitations  du 
domaine  de  vol  qui  reprEsentent 
aujourd'hui  une  charge  de  travail 
relativement  importante  pour  le  pi iote  et 
qui  peuvent  limiter  parfois  1 ' agressivitE 
de  sas  manoeuvres.  L' Evaluation  de 
concepts  de  pilotage  plus  traditionnels 
sera  Egalement  rEalisEe  dans  le  cadre  de 
ce  dEveloppement  exploratoire  afin  de 
respecter  la  logique  de  dEveloppement  des 
lois  du  NH  90;  celle-ci  consistant  A  ne 
considErer  dans  un  premier  temps  que  des 
cor.cspts  de  pilotage  classiques  et 
familiers  pour  les  pilotes  avant  de 
franchir  le  pas  dans  un  deuxiEme  temps 
vers  des  concepts  plus  futur!  stes  comine 
ceux  EvaluEs  A  ce  Jour  dans  le  cadre  de  ce 
dEveloppement  exploratoire. 


ANNEXE 


I.’objet  de  cette  etude  est  de  determiner  les 
functions  de  transfer!  equivalentes  entre  manche 
pilote  et  vitesses  angulaires  g£n6rees  sur  action  de 
manche.  L’analyse  de  ces  dernieres  permet  de 
connajtie  les  performances  des  lois  de  pilotage  en 
terme  de  temps  de  retard  et  bandes  passantes 
equivalentes,  afin  de  se  positionner  vis  a  vis  des 
propositions  de  nouvelles  normes  Q.D.V.  proposees  a 
ce  jour  dans  l’ADS.33.C. 

Pour  cette  determination,  des  sollicitations 
de  type  sinusoidal  a  frequences  variables  realisees 
manuellement  par  le  pilote  permettent  d’effectuer  une 
analyse  frequendelle  coherente  des  reponses 
temporelles  de  I’helicoptere  ainsi  generees,  et  d'er 
deduire  consecutivement  l’allure  des  ionctions  de 
transfert  desirees.  Ces  functions  de  transfert  sont 
presentees  en  annexe  (figures  n"  1  a  5)  et  permettr  nt 
d’en  deduire  les  performances  de  la  loi  de  pilotage  en 
terme  de  bande  passante  equivalente  et  de  temp  de 
retard  d’injection  de  la  cominande  sur  les  trois  axes 
(roulis,  tangage,  lacet).  L’analyse  de  I’axe  collect#  n'a 
pas  ete  faite  dans  la  mesure  ou  cet  axe  reste 
conventionnel  par  rapport  a  une  commande 
meeaoiqne. 

L’analyse  spectrale  des  signaux  enregistrf 
sur  les  trois  axes  permet  de  determiner  les  coefficients 
des  di  arses  functions  de  transfert  recherchees  mise; 
sous  la  forme  canonique  suivante: 
- - 

Assiette  exp(^t  .s).^ _ 

manche  s.(  wn2  +  2p  y  .s  J  s2  1 


A  panir  do  ces  fonctions  de  transfert  et  de 
leur  representation  sous  fe  me  de  Bode,  ii  est  possible 
de  connaitre  le  retard  pur  equivalent  r  ainsi  que  la 
bande  passante  equivalente  Wbw  de  l'h6licopt£re  sur 
ehaque  axe. 

Le  retard  r  est  obterm  diectement  par  la 

formule  : 


Ad>. 


2W 


5  7.3  (2W  ) 

'  !  so 


!  a  pulsation  Wiao  coriespor.d  a  la 
pulsation  de  coupure  relative  a  un  dephasage  de 
180'sur  le  diagramme  de  dude  of  A4>2Wi;»c 
correspond  a  I’ecart  de  dephasage  enire  udui  obter.u 
a  la  pulsation  double  de  Wtnoet  180’. 


Amplitude 


Dans  notre  cas  de  pilotage  par  objectifs 
(vitesses  angulaires),  la  bande  passante  de  ehaque  axe 
Wbw  est  donnes  |  ar  le  minimum  de  Wbw  phase  et  de 
Wbw  gain  obtenu  pour  ehaque  fonction  de  transfert. 

les  resultats  obtenus  pour  les  differ  ants 
axes  sur  la  lot  par  object#  sont  presentes  cn  annexe 

(figures  n*l  a  5).  Csux . ci  correspondent  aux  fonctions 

de  transfert  des  differs, ais  axes  identifies  pou  deux 
points  de  voi  relatifs  .1  Vi  <  4().kts  et  Vi  =  td'.kts. 
Sunt  presentes  ci-dessous  les  vaieurs  uunifriqucs 
obtenues  pour  le  retard  pur  equivalent  de  ehaque  axe 
ainsi  que  la  bande  passante  associee. 

Ewiclisai  cktniasfcri  pojr  Vj  <  41L  Kte 


Aw  ik  l  o  iLd. 

Le  retard  equivalent  de  cet  axe  est  ega!  a 

[7^3 

Li  bande  passante  Wbw  de  cet  axe  est  egale  a 
jwbw  =  2.6  rcl/fj 


.Axe  dc  langage 

I  x  retard  equivalent  de  cet  axe  est  eg.  I  a 


jjr  -=0.17  sec.J 

La  bande  passante  Wbw  de  ct 
pWbw  =  t  '>  rd/s 

:!  axe  est 

•■K 


AxtLdeJasxJt 

i.e  retard  equivalent  de  cet  axe  est  egal  a 


La  bande  passante  Wbw  de  cet  axe  est  egale  a 
j" Wbw  =  1.9  rd/s] 


Axe  de  roulis 

Le  retard  equivalent  de  cet  axe  est  egal  a 
r  =  0.15  sec 

La  bande  passante  Wbw  de  cet  axe  est  egale  a 
Wbw  —  1.9  rd/s 


Axe  delangage 

Le  retard  equivalent  de  cet  axe  est  egal  a 
t  =  0.19  sec 

la  bande  passante  Wbw  de  cet  axe  est  egale  a 
Wbw  -■=  2.6  rd/s) 


AiuLikJacei 

I  e  retard  equivalent  de  cet  axe  est  egal  a 
r  =  0.14  sec 

la  bande  passante  Wbw  de  cet  axe  est  egale  a 
j~Whw  =  2.9  rcuj 


C'ompte  tenu  de  ces  resultats  et  en  se 
referant  aux  criteres  O.D.V.  proposes  pat  la 
proposition  de  nouvelles  nornies  ADS. 33. (  ,  nous 
constatons  que  le  DAUPHIN  6001  muni  de  cede  lot 
de  (til  ttage  evoluee  se  place  a  la  frontiere  du  niveau  1 
stn  les  Intis  axes.  Lobjectif  initial  n’ayant  pas  ete 
tl'optinnser  cette  inaniabilite,  ces  resultats  son! 
satisfaisants  tlai's  l’ensemble.  1!  rester.i  a  umeliorer 
alter  leureiiieni  la  bande  passante  sur  les  trots  axe;, 
a  tin  le  dispose  t  tie  plus  de  degres  tie  bbe’te  dans  le 
teglage  de  cetlc  inaniabilite. 

Les  'esultats  sunt  syntbetises  par  les 
diagrarnmes  exposes  apres  rcpresentanl  les  critercs 
lett  mis  pour  noire  et  e  : 


T 


Broulis  BV 
D  roulis  HV 

0  Toigage  BV 
g  Tangage  HV 

0  Lacet  BV 


1  ■  2-  3-  4-  Wbw  (rd/s) 

Critdre  Q.D.V.  roulis/taugage 
Crit£re  Q.D.V.  laceten  basses  vitesses 


T 


Crit^re  Q.D.V.  lacet  retenu  en  croisid'e 


L'analyse  de  la  stabilite  de  l’helicoptere  en 
boucle  fermee  rious  permet  de  representer  les  modes 
obtenus  en  boucle  fermee  avec  la  loi  de  pilotage  par 
objectif  (voir  figures  n”8  et  n'9).  On  remarquera  le 
niveau  de  robustesse  de  la  loi  de  commande  lie  a  la 
concentration  des  modes  dans  le  cone 
J’amortissement  relatif  a  p  -  0.6  sur  I’ensemble  du 
doniaine  de  vol  (Les  lieux  d’EVANS  presentes  en 
annexe  sont  relatifs  a  des  balayages  en  vitesses  partant 
du  stationnaire  et  allant  jusqu’a  la  V.N.E.  du 
DAUPHIN  6001).  Pour  comparison  sont  representes 
egalement  les  modes  propies  de  1’helicoptere  obtenus 
en  loi  directe  (voir  figures  n’6  et  n  ’7) :  On  cr  nstatera 
(tour  cela  la  divergence  des  modes  phugoi'des  visible 
l ii  boucle  ouverte  et  leur  convergence  obtenue  en 
boucle  fermee). 


Attiily  icinitaidk.  deciilLY. 

AuuilxaLtks  ji&implagei  ti’uce 

Cette  analyse  a  consiste  a  verifier  la  qualite 
tics  dcconplages  entre  axes  suite  a  des  s.illicitations 
effeetuces  sur  chacun  d  tux.  Les  resultats  obtenus  eri 
vol  sont  presentes  en  annexe  (figures  n"  10  a  13), 
uffichant  les  diverses  solicitations  effect  nets  sur  les 
differ  t-iits  axes  et  les  evolutions  consecutivts  de 
I'lielit  oof  ere  et  refi  pout  plusieurs  cas  de  vol. 

On  constatera  le  bon  coniporrement  des 
decouplages  eiitre  axes  sut  I 'ensemble  du  doniaine  de 
vol  notamment  a  moven/long  terrne,  le  court  remit" 
ii'etant  pas  lotaienient  niaitu.se  par  non- disposition 
d  infoi  inations  suflisantes  au  niveau  des  lois  tie 
pilotage.  Pour  ameliorer  ce  tlernier,  disposer  des 
talents  detivves  des  vitesses  angu'aires  seran  ufi 
niotvii  siitlisanl  pout  Conner  les  evolutions 
mstantarifcs  non  niuitiisccs  a  ct  (our,  mtorniniioiis  se 
rnintriari!  en  u-.ui.e  a  conn. litre  les  angles  de 
hultcncnt  tin  r  ott  i . 
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Etoek.ik. '  ».,£Jli4Jl!.4l3iiilii 

Lt.  deuxi&m«  aspect  de  1'anaryse  teinpordle 
a  consiste  a  regarder  les  pics  «n  vitcsscs  HinguSai.es 
obtenus  sur  prise  d’a-vsiette.  Cette  analyse  &  €t€  faitc 
sur  ies  trois  aces  roulisAangage/laect.  Le:  resulfats 
obtenus  sur  res  trois  axes  sent  presents  sur  les 
schemas  ti-u.  ssoas  conformes  a  fa  proposition  de 
norme  A.DS.33.C.  l.x:s  stimuli  injects  sur  chacun  des 
axes  ont  etc  raise  nnables  dans  cede  premiere 
experimentation  sans  vouloir  tenter  d'stteindre  des 
variations  d’.miette  trap  rapides  vues  du  pilole  Ces 
premiers  resu'Uts  montreni  que  le  niveau  2  de  la 
norroe  ADS.33C  est  atteint.  11  restera  a  approfondir 
cede  maniabilite  par  des  actions  de  rnanche  plus 
rapides  en  temps  et  plus  importances  en  amplitude 
(l  es  resultats  visualises  dans  les  diagrammes  de 
maniabilite  exposes  d  -apres  correspondent  a  des 
actions  de  manche  de  50%  &  30%  sur  1  s*c.) 

En  preaanf  pour  definition  AOpk,  A<t-pk, 
Ai{fpii  et  (Jpti,  pftk,  ipk  : 


temps  ( sec. 


A<J>  ,  (deg) 

KiJn  ' 

Crit^re  de  maniaiiliti  en  rouiis  (basses  vitesses) 


0.  10.  20.  30.  40. 


O  Roillis  HV  A^*min  (deg)  °U  A^n.,n  <d*8' 

^  Uacet  BV 

Critfrc  de  maniabiiid  •;«  facet  (b.v.)  et  roulis  (h.v.) 


I.v'v  resultats  obtenus  sur  les  dilfeients  axes 
i>m  etc  les  sutvarits 


A0  iue*> 

MitO 

<  ritlre  de  mabbOkt  8»  taugage  f  basses  dtesses ) 


m T" 


i  -  Ml 


FiffUTl  1  /'ItcA  TVaimflir  'Vi  "  80  ktil 


Fiffk-rr  V  yau>  Tran*f  »r  r/8nw  ( •*  -  80  kts) 


iioii  T\-tma,for  W/B  /  ^  (N*yv • 


I'hjinu  fj  CloMd  Loop  Stability  (O  let 5  <  m 

riyur*  6  :  Opjin  Loop  Stability  (()  hi*  <  vi  <  ;iO  *(!*} 
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1 .  Sujuna  ry 

The  principal  f  1  iqhtiiiechanice.1  duties  during  the  several  development,  phases  or  any  air¬ 
craft  have  always  been  concerned  with  the  vita!  aspects  of  "'.'•lying  Qualities'  in  a 
general  sense.  The  provision  cf  Stability  and  Control.  Maneuverability,  sufficient  trim 
capabilities  and  acceptable  control  forces  throughout  the  usable  flight  envelope  has 
been  forming  the  solid  bases  for  the  design  and  sizing  of  horizontal  and  verticil  tails, 
ailerons,  rudder  and  elevator  power,  for  stable  unaugmented  fighter  aircraft,  where 
pilot  inputs  are  almost  directly  linked  witii  the  rnoveme  it  of  a  (single)  control  surface, 
the  criteria,  which  lead  to  a  proper  sizing  of  the  stabilizers  and  controllers,  can  be 
calculated  from  dynamic  and  static  Handling  Quality  requirements  of  Mil-Spec  without 
detour.  -  The  f  1  ightmechanica 1  design  cf  highly  augmented  aircraft  with  unstable  basic 
characteristics  however  is  no  longer  straight  forward.  The  realization  of  superior  Hand¬ 
ling  Qualities,  Maneuverability  and  Agility  up  to  high  angles  of  attack  is  mixed  with 
other  design  goals  like  optimum  performance  and/";  the  observance  of  structural  limita¬ 
tions.  The  task  to  integrate  the  requirements  from  different  disciplines  is  focused  on  a 
single  "Black  Box",  that  is  to  say  on  the  flight  Control  System.  The  various  subtasks 
which  have  to  be  managed  by  the  PCS  may  roughly  be  spilt  Into  two  parts :  One  is  related 
to  the  “Control  of  Steady-State  arm  Instantaneous  Maneuvers",  which  were  formerly 
managed  by  the  pilot  himself  witii  his  direct  links  to  the  control  surfaces  of  the  air¬ 
craft.  The  other  part  covers  the  vita:  aspects  of  "Stabilization  of  the  Aircraft."  which 
for  conventional  un augmented  configurations  used  to  ba  guaranteed  by  the  stabilizing 
surfaces  without  artificial  help.  Now  both  tasks  have  to  be  settled  via  the  flight  Con¬ 
trol  Computers  within  the  narrow  frame  of  realistic  hardware  and  the  necessary 
scheduling  of  aerodynamic  controls  required  for  increased  performance  and  load  allevia¬ 
tion. 

In  order  to  maintain  the  chance  to  fulfil  the  challenging  requirements  for  optimum  per¬ 
formance  and  superior  Handling  Qualities  <t  is  neressai  v  to  da  fine  a  set.  of  flight- 
mechanical  criteria  which  translate  the  most  xmpo>  tarn  aspects  derived  from  Handling, 
Agility  and  Safety  points  of  view  into  aerodynamic  requirements.  These  trite ■ '  t  naze  to 
generate  the  necessary  link  between  the  disciplines  Control  Law  Design,  FI  •;  ghtmechanci 5 
and  Aerodynamcis  within  the  Pre-Development  phases  of  modern  fighter  aircraft. 

The  paper  in  hand  illustrates  that  the  "Time  to  Double  Amplitude  T,"  of  t.ie  basic  air¬ 
craft  may  act  as  key  characteristic  which  nest; ibes  the  problem,  associated  with  stabi¬ 
lization  in  Pitch.  If  related  to  the  available  fitch  Control  Power  and  Cont.ol  Power 
Buildup  Rate  limits  for  "Minimum  permissible  T,1  may  be  established.  Those  limits  are 
easily  convertible  into  aerodynamic  requirements  and  therefore  applicable  within  the 
early  design  phases  of  modern  fighter  design.  -  At  high  ung'es  of  attack  additional 
pitch  down  control  power  is  needed  to  cancel  the  effects  of  inertial  c'upi i ng  due  to 
roll  maneuvers.  The  acceleration  to  be  provided  is  dependent,  on  angle  of  attack  and 
attainable  roi Irate  around  the  velocity  vector. 

As  far  as  the  lateral /direct Iona)  axes  are  concerned  the  PCS  is  mainly  used  for  stabil¬ 
ity  augmentation  and  for  optimum  coordination  of  the  control  surfaces.  Therefore  the 
f  1 1  ghtmechan i cal  design  still  aims  at  stable  basic  characteristics.  To  achieve  shir,  de¬ 
sign  goal  '-niidyo  1s  ver-k  often  the  only  parameter  which  is  used  ton  opt.  i  mi  rat  i  o,i  during 
windtunnel  testing.  The  discussion  at  the  end  of  section  4  shows  that  especially  at  high 
angles  of  attack  stable  static  derivatives  are  act  sufficient  te  maintain  dynamic  sta - 
bill  ty .  The  dynamic  derivatives  "roll  wild  yaw  damp  inf"  have  to  bo  considered  as  wall  anti 
at  least  negative  C«p  1 s  and  Cnr ' s  are  necessary  to  complete  the  i is t i m  of  desires 
characteristics.  -  Agility  around  the  velocity  vector  at  higher  a cafes  of  attack  is 
mainly  a  matter  of  roll  and  yaw  control  power.  A;  angle  of  attack  increases  the  ruduer 
effectiveness  gets  more  arid  more  important;  if  bank  angle  requirements  deducted  fom 
Mil-Spec  shall  be  performed  in  a  well  coordinat  hi  Manner  at  high  srgles  of  attach,  the 
body  f'xed  yaw  potential  has  to  exceed  the.  roll  control  [/..  ■■  :i  <  cording  to  the  inertia 
ratio  <i7/i'  )'  multiplied  by  tyo . 

Section  S  of  this  paper  presents  some  peculiarities  of  configurations  and  con. i go  rat  ion 
dc  ails  if  the  criteria  discussed  before  are  cons  leered .  Among  other  aspect.;  it  is  shown 
Thai  the  (in-)  stability  characteristics  of  a  C'anerci  rent  i  gurat  ia  i  „<r,»  more  cc<r.:.  !<tx  com 
pared  to  those  of  an  Aft-tail  concept.  TMs  will  require  considerably  mace  effort  with 
respect  to  the  optimization  work  in  w  !ric!turn,ei  and  may  leap  to  no  re  problems  during  Con¬ 
trol  Law  design. 
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2 .  i  1 1 ghtmechane ial  Design  of  Unaugmented  Stable  Con  f  igura  t  j  on:; 

Eve,-  since  aircraft  have  been  designed  and  built  the  origin**  I  f  Hglitmechanlcal  task 
within  the  ..ever,*)  development  phases  has  oeen  to  provide  good  and  sale  Hying  Qual¬ 
ities.  Necessary  margins  ‘ a ,  static  and  dynamic  stability,  required  control  power  I r 
connection  with  acceptable  <  orcos  and  sufficient  trim  capabilities  in  all  axes  have  a! 
ways  been  regarded  as  key  characteristics  from  which  criteria  for  a  proper  sluing  cf 
stabilizer:.  and  control  surfaces  could  be  derived.  -  for  stable  unaugmented  fighters  of 
the  past  ailerons,  rudder  and  elevator  were  almost  directly  linked  to  the  pilot  by 
cables,  rods  arid  levers  via  stick  and  pedals  in  the  cockpit,  so  right  from  the  start  of 
the  design  the  transfer  functions  "Aircraft  behaviour  due  to  Pilot  or  Gust.  Input."  and 
the  characteristic  equations  of  the  total  system  were  analytically  defined, 
foe  desired  static  and  dynamic  features  cf  the  aircraft  could  d>  rectly  be  related  to  the 
sirs  and  positioning  of  horizontal  and  vertical  stabilizers  and  the  several  cont.ro’  sur¬ 
faces  . 

With  respect  to  pitch  axis  most  of  the  applicable  criteria  which  car  be  deducted  rrom 
the  Handling  Qualities  document  MIl.-F  8/85  without  detour,  turn  out  to  form  corner 
stones  for  the  design  for  the  horizontal  tail  (stabilizer  and  elevator),.  F1y.__l_  for 
example  summarizes  dynamic  requirements  for  the  short  period  and  phugoid  cTuiracter  i sties 
and  presents  the  relevant  equations  which  define  the  relations  to  the  aerodynamic  deri¬ 
vatives,.  Parametric  variations  in  size  and  position  of  the  horizontal  tail  led  to  con 
tlnuous  parameter  changes  and  if  ”,he  minimum  and  maximum  limits  from  Mil-Spec  are  con¬ 
sidered,  permissible  forward  and  aft  centre-of-gravi  t>  positions  due  to  criteria  for 
dynamic  stability  can  be  evaluated  as  a  function  of  tail  area  or  volume.  Together  with 
boundaries  derived  from  other  requirements  like  "Nose  Wheel  Lift-Off  at  a  given  airspeed 
(1.0  Vs)*,  "Minimum  Static  Stability".  “Trim  in  several  f>;ght  conditions",  etc.  Design 
diagrams  like  tne  example  given  in  Fig.  2  can  be  plotted  and  so  the  main  goal  o i  Hori¬ 
zontal  -Tal  1  -Lesign,  to  defi-e  and  open  a  'permissible  t‘1  ightmechanica!  c.g.  range,  may  be 
achieved  straight  away. 

The  same  principle  procedure  is  applicable  In  lateral/directional  axes  as  shown  in  JJjLl 
3  and  _1L-  Tn<!  correlations  between  the  Handling  Quality  Requirements  for  Dutch  doll, 
S’pTral-,  Roll  mode,  etc.  and  the  aerodynamic  derivatives  are  again  analytically  linked 
by  the  characteristic  equations  and  by  relatively  simple  transfer  functions.  So  parti¬ 
cular  variations  cf  configuration  details,  as  for  example  vcitlcal  tail  size  and/or 
position,  will  directly  lead  to  changes  In  the  dynamic  behaviour  of  the  airc-aft  and 
with  the  Handling  Quality  Requirements  under  consideration  stabilizer,  ruader  and  ailer¬ 
ons  car,  be  defined. 


3 •  Design  Criteria  for  modern  Configurations  with  Unstable  Characteristics  in  Pitch 

The  f 1 ightmechanica!  design  of  highly  augmented  aircraft  with  unstaole  basic  characte¬ 
ristics  is  not  longer  straight  forward.  In  addition  to  handling  quality  aspects, 
maneuverability  and  agi’ity  which  have  to  be  provided  up  to  high  angles  of  attack, 
further  design  goals  like  optimum  pcinf  performance,  observance  of  structural  II mi  s  and 
carefree  handling  has  to  be  integrated  into  the  fiiglitmechariica!  considerations.  T,  - 
task  to  integrate  the  requirements  from  different,  disciplines  is  transferred  to  a  singe 
"Placfc  Box’*,  that  is  to  say  on  the  flight  Centro!  System.  The  various  subtasks,  which 
iinvj  tJ  be  managed  by  the  FCS  may  roughly  be  split  into  two  parts.  One  is  relate’*  to  the 
control  of  steady  state  and  instantaneous  maneuver'  which  Includes  surface  scheduling 
for  different  modes,  optimum  coordination  of  the  available  controllers  and  the  surv  -1 i - 
lance  of  structural  and  phy lolcgical  1  imitations.  The  cTier  o?rt  cover?  the  vital 
aspects  of  stabilization  throughout  the  pei m  i  ss ibl  f’ight  envelope.  So  the  growing 
use  of  the  possUI ! ities  of  modern  flight  control  systems  has  partly  relieved  hot 
fixed  stabilizers  cf  the  aircraft  from  their  task  to  provide,  stability  end  toe  pit 
from  his  responsibility  _o  optimize  the  manoeuvres  of  the  a1rc/,cft.  On  the  other  hand 
the  requirements  for  control  potential  in  a1!  axes  cave  to  be  increased  and  it  Is  neces¬ 
sary  to  relate  tne  available  control  power  to  the  tolerable  basic  (fn-)stabil Ity  char 
teristlcs  of  the  aircraft.  -  1  e  su-omary  in  Fig.  S  shows  in  which  direction  the  High 
mechanic*-  design  aspects  have  to  b^  changed  ff  stability  augmentation  or  artificial 
stabilization  1r  Introduced:  Sofflcl.nt  static  and  dynamic  stability  a.  d,  at  high  angles 
of  attack,  acceptable  departure  characteristics  have  to  be  replaced  by  the  limitation  of 
has ic  dynamic  Instabilities  The  provision  of  control  potential  for  maneuvers  and  tri 
has  to  be  supplemented  ty  additional  power  for  stabilization  purposes  and  if  required 
for  exotic  modes.  AccepUole  stick  and  pecal  forces  need  nc  longer  be  taken  into  account 
within  early  design  phases.  They  can  be  treated  separately  and  optimized  artificially  in 
combination  with  the  cockpit  design.  -  So,  in  contrary  to  Lnajgmented  airctaf:  tor  which 
sizing  of  the  aerodynamic  surface*  could  directly  be  done  by  consideration  of  1  eve) - 1 
Handling  Quality  requirements,  it,  is  now  necessary  to  design  for  tne  capabl ! i t : es  of  the 
FCS  which  will  be  developed  In  a  later  phase  to  provide  the  desired  Handling.  Horizon¬ 
tal  "/vertical  tails,  ailerons  and  rudder  can  no  longer  be  treated  a.?  rompletly  seperate 
segments.  They  have  to  be  consider  ed  as  mu' ti -functional ,  integral,?  stability  and  con¬ 
trol  units  which  are  linked  via  FCT  for  optimized  .management  of  trim,  maneuver  and 
limitation  tasks. 

As  tire  capabilities  of  ar.y  existing  and  futu-e  flight  Control  System  «.*  1 1  i  be  restricted 
by  unavoidable  technical  inadequacies  of  realistic  hard-  and  software,  it  fs  necessary 
to  design  for  basic  unaugmented  characteristics  which  can  be  handled  by  the  FCS  even 
under  strive- se  conditions.  Ynerefore  requirements  which  include  the  aspects  oi  control 
I au  deal jn  have  to  be  deve lopped  anti  0”epared  for  use  in  the  aerodynamic  optimization 
process  in  order  to  restore  the  early  link  between  Hand  1  ,ng  and  Ae>  adynamic s  which  has 
h  e e ,i  b r of  en  b y  1 1: e  f  C S . 


As  complete  design  loops  are  always  assigned  by  the  lour  parameters  "Muss",  "I’ertonn 
iintf",  "Cost."  uiHl  "Risk",  tin'  id  oil  of  "Performance"  has  to  In-  ri'visi'd  by  including  re 
ipi  i  rement  s  (  rom  agility.  huudlinii  and  ride  quality  and  by  introducing  essential  aspects 
from  safi'ty  point:  of  view.  As  demon  s  t.  ra  t  oil  in  suit  Ion  d  .  l  andA.p,  where  the  develop 
merit,  of  possible  criteria  for  maxi  mum  instability  in  pitch  axis  are  desribed,  simplified 
assumptions  are  necessary  to  fix  the  corner  stones.  It  ha;  to  be  kept  in  mind  that  any 
criterion  must,  tie  convertible  into  aerodynamic  characteristics  to  enable  the  design  team 


...  to  define  feasible  aerodynamic  instability  levels, 

...  to  fix  trim  schedules  which  leave  sufficient  control  power  in  pitch,  roll  and  yaw, 
...  to  optimize  the  basic  aerodynamic  characteristics  in  windtminel 
...  to  s i i 0  and  position  the  control  surfaces  and  stabilizers. 

1 .  Development  of  Specific  Criteria  lor  Modern  fighter  Configurations 


(he  road  which  has  to  be  taken  in  order  to  Jevelop  a  suitable  set  of  criteria  for 
maximum  instability  arid  necessary  control  bower  in  pitch  will  start  with  the  definition 
of  aerodynamic  and  f 1  i  ghtmechani cal  key  characteristics,  which  can  be  analysed  and 
systematically  varied  within  early  design  phases.  Via  the  introduction  of  -ealistic, 
principles  of  control  law  design  and  under  the  consideration  of  handling  quality  and 
safety  aspects  limits  for  maximum  dynamic  instability  love's,  which  are  easily  transfer¬ 
able  into  aerodynamic  characteristics,  will  he  evaluated. 

4.1  Key  Cha.racteri  sti_cs  for  Unstable  Design  in  Pitch 

from  the  very  beginning  all  the  oesign  phases  of  "Mew  Generation"  fighter  aircraft  are 
dominated  by  the  attempt  to  find  an  optimum  balanced  concept  within  the  frame  of  maximum 
performance,  defined  mass  figures  and  limited  costs.  Especially  the  field  of  performance 
encompasses  aspects  on  at  least  three  planes,  wnich  are  defined  by  tne  headlines  "Mis¬ 
sion  ,  Point-  and  Manoeuvre  Perf ormance " .  Requirements  derived  from  tnese  different) 
items  are  often  rather  contradicting. 

A  suitable  tool  to  overcome  some  of  the  contradicting  requirements  is  the  introduction 
of  Unstable  Design  in  pitch  which  has  remarkable  effects  on  performance  as  demonstrated 
in  fig.  6:  The  trim  characteristics  of  the  sample  aircraft  (i.e.  a  tailless  configura- 
1  inn;  the  principles  apply  for  any  tailed  configuration  as  well)  show  that  the  stable 
ver.ion  will  have  negative  slopes  in  the  pitching  moment-lift  diagram  for  controls 
t'Xi'd.  Therefore  it  is  necessary  to  trim  the  configuration  with  negative  (i.e.  upwards) 
flap  deflections.  An  unstable  design  with  the  centre  of  gravity  aft  of  the  aerodynamic 
centre,  has  a  positive  aC™/ 3C j_-  (and  C,na)  slope  and  therefore  requires  positive  (i.e, 
downwards)  flap  settings  trom^trim.  The  sketch  of  the  polars  on  the  riyhthand  side  of 
Jig.  6  shows  the  resulting  beneficial  effect  on  trimmed  performance  data: 
lypiral  supersonic  fighter  wings  are  charac ter i zed  by  a  relatively  small  aspect  ratio 
and  high  leading-edge  sweep.  Especially  for  those  the  induced  drag  for  a  given  lift 
coefficient  is  much  smaller  with  positive  than  negative  flap  deflections.  This  leads  on 
one  hand  to  a  remarkable  reduction  in  overall  drag  at  a  desired  turn  rate  and  on  the 
other  to  much  larger  trimmed  maximum  lift  coefficient.  If  the  full  technically  feasible 
potential  of  unstable  design  is  used,  then  relative  to  a  conventionally  stable  aircraft 
maximum  lift  can  be  increased  by  rougnly  25  %  and  induced  drag  at  a  typical  lift  coef¬ 
ficient  for  manoeuvre  (say  C,  0.7)  can  be  reduced  by  about  20  %. 

I  .is  means  that  unstable  configurations  when  designed  for  the  same  performance  require- 
rnenis  and  under  the  same  flight  mechanical  constraints,  will  be  remarkably  smaller  than 
their  staDle  "brothers". 

But  it  has  to  be  kept  in  mind  that,  a  pure  optimization  for  maximum  point  performance 
(i.e.  sustained  and  instantaneous  turn  rates)  which  requires  maximum  lift  or  minimum 
drag  respectively  may  riot  be  advantageous  for  a  desired  superior  agility,  because  the 
preloaded  aerodynamic  controls  do  not  leave  enough  power  to  initiate  and  stop  manoeuvres 
in  a  way  which  lead  to  sufficient  handling  qualities. 

A  qualified  parameter  which  indicates  ttie  potential  for  drag  reduction  and  higher 
maximum  lift  is  the  static  instability  level  (Static  Margin). 

sm  -  -  =  -  £ma  =  -.ac..r  ,.xc.& 

acL  cLa  c" 

If  only  aerodynamic  aspects  had  to  be  taken  into  account,  it  would  make  sense  to  in¬ 
crease  the  negative  static  margin  to  a  point  where  the  resulting  trimmed  flap  schedule 
leads  to  optimum  drag  polars. 

from  the  flight  mechanical  point  of  view  a  reasonable  interpretation  of  SM  is  only  pos¬ 
sible  in  linear  areas  at  smaller  angles  of  attack.  It  defines  nothing  else  than  the 
lever  arm  of  aerodynamic  forces  and  is  onl  useful  for  the  flight  mechanical  design  of 
unaugmented  aircraft,  which  have  to  be  equ i  ped  with  a  certain  margin  of  static  stabil¬ 
ity.  As  maximum  lift  is  approached  ( c ,  u  -*  0)  the  physical  evidence  of  SM  (SM  ■*  ®)  is 
lost.  More  definite  parameters  which  can  be  interpreted  at  high  angles  of  attack  as 
well,  are  summarized  in  Fig.  7 .  The  "Aerodynamic  Key  Characteristics"  in  terms  of 
typical  Cm  versus  a  plots  (coefficients  and  derivatives)  with  curves  for  "zero"  and 
"full  nose  down"  controls  point  out  that  orie  limiting  factor  for  unstable  design  will  be 
given  by  the  definition  of  a  necessary  pitch  recovery  moment  which  above  all  has  to 
guarantee  a  safe  return  from  high  angle-  of  attack  manoeuvres.  The  basic  design  in 
stabjlij^  covering  only  performance  aspects,  will  usually  be  chosen  at  low  and  medium 
angl es-of -at  tat k .  This  instability  lias  to  be  checked  against  the  capabilities  of  the 
flight  control  system.  I  he  same  applies  to  the  a  11 ewab J e  fi  i  t ch-up  at  Higher  angles  of 
attack  in  trimmed  conditions. 


bri  f  or  lunate  I  y  neither  tin'  static  i  it  ■;  I  <i  h  i  I  i  t.y  SM  nor  t  hi?  pi  t.i  li  i  n  *j  moment,  derlvativa  i:|((u 
are  s  ti  f  f  i  c  i  en  t.  to  deserihe  the  dynamic  problems  associated  w  i  t  It  the  st  at)  i  I  :  i  at  i  on  ot 
unstable  coni  I  gurat  i  mis .  According  to  the  equal  ions  ol  I  i  ij ,  1  and  lb  the  highly  d.ynniriM 
short  period  motion  ot  any  aircraft  is  dependent,  on  much  more  factors  as  for  example 
moment  of  inertia,  dampin')  derivatives,  wing  area,  mean  aerodynamic  chord  and  dynamic 
pressure.  All  these  parameters  contribute'  to  a  "Time  to  IHiuh  I  e  Amj)  I  i  l.ude"  lJ(  during 
which,  with  controls  fixed  the  aircraft,  will  double  a  distortion  tn  angle  of  attack.  As 
the  simplified  schematic  graphs  of  f  i  9 .  fi  (pitching  moment  versus  timet  show,  if.  is  now 
essential  to  counteract  this  aperiodic:  movement  by  an  appropriate  control  input.  Build 
up  rate  ft  and  magnitude  M  of  the  stabilizing  moment  must,  be  large  enough  to  stop  and 
reverse  the  sign  of  pitch  acceleration  so  that  the  aircraft  returns  to  its  original, 
trimmed  condition.  The  Time  Delay  I.  between  disturbance  input  and  stabilizing  control 
reaction  can  be  identified  as  a  further  important  parameter  which  will  increase  the 
problems  of  control  law  design  if  it:  exceeds  a  certain  percentage  of  I,. 

So  the  key  characteristics  for  unstable  design  in  pitch  may  be  summarized,  as  done  in 

I  j.g.  9: 

for  the  aerodynam i  c:  i  s  t s 

e  Tj.  Maximum  Pitch  Control  Moment  M  and  Build-up  Rate  ft , 
Time  Delay  T,  for  the  control  law  designers  and  flight  mechanics  people 

In  practice  it  is  necessary  that  control  law  people  and  aerodynamic i sts  can  communicate 
and  understand  each  other  in  order  to  end  up  with  a  well  balanced  design.  So  once 
dynamic  limits  for  T,  have  been  identified  they  have  to  be  translated  into  aerodynamic 
characteristics  Cma.  C(q  or  SM.  A  good  approximation  for  the  transcendental  relation 
between  T,  and  the  aerodynamic  derivatives  is  presented  in  F.i  SL- -  For  the  control 
moments  the  simple  algebraic  equations 

Mmax  =  *  A  cm  <1>  •  £  V*  •  S  •  c 
max  max 


fynax  ~  1  ''mri  '  9 max  $  V'  •  S  •  c 

may  be  used.  The  amount  ot  pitch  control  authority  M  can  be  regarded  as  the  sum  of 
moments  which  is  available  from  all  reliable,  primary  controllers.  For  both,  build-up 
rates  ft  and  authority  M,  limitations  due  to  hinge  moments  and  load  restrictions  have  to 
be  considered. 

4  •  2  Development  of  a  Criterion  for  Maximum  Dynamic  Instability  in  Pitch 

The  summarizing  discussion  about  the  key  characteristics  of  unstable  design  in  pitch 
from  section  4.1  has  confirmed  that  it  might  be  possible  and  helpful  to  develop  rela¬ 
tionships  between  maximum  permissible  dynamic  instability  T,  and  required  control 
authority  M  and  build-up  rate  ft.  In  order  t.o  take  concrete  steps  towards  such  a  criter¬ 
ion  it  is  now  necessary  to  bother  his  head  with  parametric  attempts  to  optimize  control 
law  parameters  for  different  dynamic  instability  levels  of  modern  fighter  configura¬ 
tions. 

The  procedure  has  to  be  done  under  realistic  (but  simplified)  assumptions  including 
essential  requirements  and  methods  which  are  normally  used  within  a  thorough  design  of  a 
FI i ght  Control  System : 

realistic  control  law  structure 
realistic  hardware  assumptions 

optimization  of  Control  Law  parameters  with  respect  to  handling  and  ride  qualities 
Consideration  of  safety  margins  in  control  law  design 

Variation  of  "Time  to  Double"  and  Control  Moment  characteristics  by  realistic, 
relevant  aerodynamic  data 


Static  Margin  SM  or  Cm(. 
Time  to  Double  Amplitud 


•  Control  Law  Structure  and  Aircraft  Model 

To  correct  trie  short  period  divergence  of  an  aircraft  with  basically  unstable  charac¬ 
teristics  in  pitch  and  at  the  same  time,  significantly  improve  the  aircraft  flying  qual 
(ties  a  variety  of  Flight  Control  Systems  can  be  constructed.  The  system  finally  select¬ 
ed  will  depend  on  many  considerations  as  for  example  problems  of  instrumentation  end 
sensing  including  biases  end  sensor  excitation,  control  system  compensation  needed  for 
flight  condition  changes,  non  1 i near i ti es .  scheduling,  boundary  control  etc. 

To  permit  the  development  of  a  criterion  for  maximum  dynamic  instability,  a  typical 
example  0-  a  Pitchraie  Command  System,  which  could  be  regarded  as  the  essence  of  an  FCS 
for  modern  fighter  aircraft,  has  been  chosen  [Lit.  1],  The  flight  control  system 
selected  is  shown  in  Fig. _ 10.  This  system  performs  six  main  functions  as  follows: 

Creates  a  high  degree  of  effective  static  stability 

Positions  the  short  period  roots  via  the  feedbacks  RA  and  R0 

Gives  sufficient  damping  of  the  piuigoid  by  integral  q-feedback  (POD 

Provides  pitch  rate/att.  i  rude  hold  platform 

Shapes  7 0 ^  according  to  the  pitch  rate  filter 

Regulates  against  extern il  disturbances  with  emphasis  on  pitch  attitude  mointance 


lo  account  for  I  tic  time  delay  due  to  sensor'".,  c  ompu  U;  r  s .  filters  etc.  a  representative 
equ  i  Vd  I  ('ill  value  u  I  0  0  X  s  lias  been  added  to  the  system  try  Bade  approximation. 

Hie  overall  model  of  l.tie  “Augmen  ted  Airorall"  which  was  finally  used  Lo  develop  t  lie 
criterion  is  shown  on  tlio  r  I  >ih  t  hand  diagram  of  I  Ig.  JO.  lotiether  with  the  basic  aircraft. 
(4.  order),  the  control  system  incl.  Pade  approximation  (4.  Order)  and  the  actuator 
dynamics  lor  canard,  flaps  and  aft  tail  (1.  Order.  IM  •  0.0b  s)  the  overall  model  added 
up  to  a  vVstem  of  0.  Order. 


•  Handling  Qualities  Requirements 

I  he  discussions  within  AGARI)  Working  Group  17  have  lead  to  the  conclusion  that  many 
existing  criteria  in  the  frequency  and  time  domain  are  qualified  to  optimize  and  assess 
the  handling  qualities  of  augmented  aircraft.  It.  has  been  made  clear  that  a  single 
criterion  will  in  any  case  not  he  sufficient.  Therefore  it  is  necessary  to  establish  a 
s  e  t  of  crit  o  r  i  a  w  h  i  c  h  is  individually  t  u  n  e  d  f  o  r  t.  n  e  a  i  r  c  r  a  f  t  u  n  d  e  r  c  o  n  s  i  d  e  r  a  t  i  o  ri . 
lor  our  purposes  the  criteria  of  the  Low  Order  Equivalent  system  (MIL -F -8/85)  have  been 
applied  as  design  goal  for  the  optimization  of  the  Control  Taw  parameters  discussed 
above.  The  requirements  for  the  short  period  motion  are  summarized  in  three  subcriteria, 
as  there  are: 

Minimum  and  maxi  mum  damping 

Short  period  frequency  characterized  by  the  CAP --para meter 
lime  constant  Tg-  ccording  to  wosp 

Roughly  spoken  the  CAP  parameter  describes  the  aircraft  behaviour  after  a  step  input  in 
pitch  stick  in  terms  of  required  ’g'-onset  n (^ec,  and  steady  state  load  factor  _(_F_1_S -__i.4-.J_i. 
Good  handling  qualities  are  characterized  by  aVeasonable  time  after  which  the  steady 
state  load  factor  has  to  be  achieved  Furthermore  no  excessive  overshoots  or  oscilla¬ 
tions  are  allowed  which  leads  to  the  design  goals  selected  for  the  (CAT. A)  flight  phases 
of  our  study: 

••  CAP  -  1.0A  mosp 

Short  period  damping  C  -  O./b 
■  Te2  according  to  wpsp  (uosp  •  T0;,  =  3.6) 

To  1  i  m ;  t  the  actuator  activity  it  was  necessary  to  add  the  requirement,  that  t.he  damping 
of  all  complex  roots  should  be  greater  than  0.7b.  -  Jn  addition  it.  was  required  to  take 
care  of  the  gust  responses  during  the  optimization  of  control  parameters  in  a  way  that, 
the  gust  response  should  not  he  significantly  worse  than  that  of  a  conventional  air¬ 
craft. 


•  Safety  Aspects.  Robustness  of  the  FCS 


Experience  in  practical  engineering  has  always  proven  that  differences  between  the  best 
models  and  reality  (i.e,  the  aircraft,  in  operation)  cannot  be  avoided.  Uncertainties 
with  respect  to  data  and  mode)  accuracy  have  to  be  taken  into  account  and  a  certain 
robustness  of  the  FCS  is  required  to  maintain  stability  and  control  even  if  the  aero¬ 
dynamic  efficiencies  for  example,  deviate  considerably  from  the  values  predicted  in 
windtunnel . 

A  qualified  method  to  assess  the  robustness  and  safety  of  the  augmented  aircraft  system 
is  based  on  the  Nyquist  criterion  (see  F i 1J?)  which  predicts  the  stability  of  the 
closed  loop  by  analysis  of  the  frequency  response  of  the  open  control  loop.  According  to 
this  criterion  the  closed  control  loop  is  stable,  if  for  a  gain  of  0  dB  of  the  open  loop 
the  phase  shift  is  less  than  -180°. 

The  distance  from  this  stability  limit  may  be  regarded  as  a  measure  lor  the  quality  of 
stabilization.  So  the  distance  of  the  phase  from  -180°  at  a  gain  of  0  dB  is  called 
11  Phase  margin"  whereas  the  "Gain  Margin"  is  defined  as  difference  in  gain  to  0  dB  at 
-'80".  -  A  gain  margin  of  -  6  dB  and  a  phase  margin  of  45°  is  usually  considered  to  be 
a  d  e  q  u  a  t  e . 


For  a  basically  unstable  system  two  stability  limits  have  to  be  taken  into  account  as 

pointed  out  in  Fig. 1 ? .  If  the  overall  gain  is  too  high  the  control  system  is  suspicious 

to  turn  unstable  again  while  for  too  low  gains  the  task  of  stabilization  may  fail  at 
all.  Thereto: o  in  addition  to  the  required  gain  margin  of  -6  dB  a  further  margin  of 
•6  dB  has  to  be  introduced.  -  Practical  application  has  shown  that,  for  modern  fighters  a 
Phase  *  -145”  at  *3  dB  (35°  margin)  is  more  appropriate  which  finally  leads  to  the 
trapezoidal  area  of  "  'nsuff let not  Stability  Margins"  shown  in  Fig.  13.  -  the  considera¬ 
tion  of  this  ' equ i rement  therefore  forms  an  essential  assessment  tool  within  the  control 
law  design  for  modern  fighters. 


Analysis  of  typical  Aerodynamic 
the  dial 


Data  for  modern  fighters 
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I  lie  table  of  I  i  y  .  14  su  mmar  i /os  typical  .  i  .1 1 .  i  for  these  ;  on  i  i  gu  ra  I  i  on i  nr  I  ml  i  rig  geome¬ 

trical,  aerodynmir!  ca  I  and  mass/ i  neft.  i  a  charact  or  i  s  t  i  c  s  .  which  should  tie  valid  lor  a  pro 
Mini  miry  dynamic  analysis  i  ri  the  subsonic  region  up  to  max  I  mum  lift..  I  lie  first.  lino  of 
the  table  shows  that  the  design  Instabilities  (static,  margin  SM)  of  the  tailed  aircraft, 
are  considerably  larger  than  that  of  the  tailless  configuration,  this  is  due  to  require¬ 
ments  concerning  the  pitch  recovery  margin  (section  4 .  :i  )  which  for  tailless  concept  Is 
hard  to  achieve  together  with  an  unstahin  design. 

In  order  to  get  some  deeper  insight  into  the  dynamic  ''fleets  of  the  data  presented,  it 
is  necessary  to  have  a  look  at  the  equations  which  determine  the  1  ora <  ion  ol  the  short 
period  loots  In  the  complex  plane  and  the  key  parameter  T,.  fig.  1 5  illustrates  that  the 
positions  of  the  two  unstable  roots  are  defined  by  two  major  parts:  (£-ui„)  settles  the 
line  of  symmetry  from  which  the  two  aperiodic  roots  st  and  s,  will  seperate  once  slat  'C 
stability  Is  lost.  This  first,  part  is  influenced  by  the  l  ift,  curve  slope  C(  a  and  by  the 
dynamic  derivatives  but  it  is  not  dependent  on  the  design  instability, 
the  shift  of  the  roots  on  the  Real  Axis  is  dominated  by  the  term  ui0'  and  therefore  di¬ 
rectly  related  to  C,na. 

If  the  data  from  £lg.__14  are  analysed  by  the  dynamic  equations  of  fig.  lb  it  gets 
evident  that  the  reTatTvely  high  mass  density  of  the  configurations  |jj  >  70  (b()  for 
tailless  aircraft)  deminlshes  the  influence  of  the  dynamic  aerodynamic  derivatives  and 
the  lift  curve  slope  considerably,  the  line  of  symmetry  <C‘aa)  is  therefore  situated 
between  -0.?  for  small  subsonic  Machnumbers  near  maximum  lift  and  -?.8  for  high  subsonic 
speeds  at  low  angles  of  attack.  These  values  are  valid  for  the  whole  data  bandwidth:  the 
differences  between  the  three  tail  concepts  are  negligible. 

The  term  w 0 *  is  clearly  dominated  by  Cma;  as  above  the  other  derivatives  are  of  minor 
importance  because  they  are  all  devidea  by  the  high  mass  density. 

So  with  respect  to  the  aerodynamic  derivatives  the  key  parameter  I,  will  mainly  bo 
altered  by  C_a;  C.|_Q  Is  of  minor  Importance  but  should  be  considered:  the  bandwidth  of 
the  dynamic  derivatives  may  In  any  case  be  neglected. 

Reviewing  t.he  pitch  control  data  of  FJjg_. _ 1_4  major  differences  between  the  configurations 

can  be  identified  for  the  effectiveness  of  the  controllers.  For  aft  tail  and  flaps  a 
negative  ratio  Cmr|/CLri  has  to  be  taken  into  account,  whereas  for  the  control  surface 
Canard  positive  values  can  be  expected. 


•  Evaluation  Procedure  for  t.he  T, -Criterion 


The  definition  of  control  law  structure,  aircraft  model,  handling  quality  and  safety 
requirements  for  the  optimization  of  control  law  parameters  and  the  identification  of 
the  relevant  aerodynamic  data  have  set  the  necessary  conditions  to  run  the  evaluation 


procedure  for  the  I, 
represented  by  three 


criterion 
di f ferent 


(Fi 


16) 
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Starting  from  general  data  of  modern  fighters 
tail  concepts,  t.he  relevant  aerodynamic  parameters  (Cma, 
/CLn),  Machnumber  and  dynamic  pressure  have  been  varied  in  order  to  achieve 
values  in  Time-to-Doub 1 e  Amplitude  f, .  In  a  second  step  the  control  law  para¬ 
meters  have  been  defined  by  optimizer  strategy  in  accordance  with  the  handling  quality 
and  safety  requirements  defined  above:  simulated  flights  with  test,  inputs  have  been  per¬ 
formed  in  order  to  evaluate  the  requited  control  power  and  control  moment  build-up 


, lac  'mri 
d  i  f  f  e  r  e  it  t 


rate. 

A  vertical  gust,  ramp  of  60  ft/s  with  50  m  ramp  length  has  been  selected  for  -'Test  In¬ 
put".  as  shown  in  Fijj_. _ 17.  As  the  probability  cf  such  a  gust  is  remote,  no  further  con¬ 

trol  power  for  addl’tional  p ! lot  commands  has  been  required.  (Some  simultaneous  control 
inputs,  smaller  gust  plus  prot.  command,  have  been  tested  as  well.  But  after  some  dis¬ 
cussions  about  reasonable  maximum  load  factor  -  or  ang 1 e-of -attack-onset  in  connection 
with  Command  Shaping,  after  a  stick  input,  it  was  decided  to  stay  with  the  gust  ramp  as 
well  defined  requirement  from  Mil-Spec.). 


•  T,-Criterion  and  Discussion  of  Results 

The  results,  presented  in  confirm  that  it  is  possible  to  generate  limiting  furu: 

t  i  oris  "Required  Pitch  Control  Rower  M"  arid  "Required  Pitch  Control  Power  Build-up  Rate 
M"  versus  "Time- to-Doub le  Amplitude  I,".  As  T,  decreases  the  required  control  authority 
and  rate  increases  rapidly.  Especial  iv  for  ‘mailer  Mach  numbers  the  continuous  lines  an 
Hinted  by  sharp  edges  which  mark  the  pc  >  nt  where  the  safe  phase-  and  gain  margins,  de¬ 
fined  above,  could  no  longer  be  achieved.  Differences  found  for  the  different,  tail 
(.incepts  can  be  neglected.  So  the  limits  shown  in  the  i  wo  diagrams  should  be  valid  for 
all  modern  fighter  configurations  wit.n  a  mass  density  u {  >  50  and  a  control  system  with 

an  equivalent  overall  time  delay  of  -  0.0.?  s. 

In  general  a  larger  time  delay  will  not  require  increased  control  authority  or  rate,  as 
pointed  out  by  the  time  histories  in  Fig.  19.  It  could  be  shown  that  the  optimum  gains 
within  the  control  law  parameters  will  decrease  as  time  delay  grows  which  leads  to  a 
more  sluggish  behaviour  of  the  aircraft  and  to  a  delayed  reduction  of  external  disturb¬ 
ances.  Of  greater  importance  however  is  the  loss  in  Phase-on  Gain  margin  as  shwort  in 
Mg.  20,  Especially  high  gains,  which  will  hurt  the  lower  boundary,  become  critical 
which  subs  tarit  ■  i  >  >‘ s  the  statement  that  the  oi  •  imum  gains  will  be  low  r  with  increasing 
I . 

As  far  t.he  !  units  oi  \  T,  <  :  (prion  (Hg^  18)  ore  con.  erned  no  i  nt  t  ease  i  n  toe  ;  equ  i  r 

cd  (oritiol  poie  would  vary  if  the  overall  Line;  deiav  exceeds  0.0?  s  The  sh-i'-p 

edge-;  fo>  insui  err  Pi  ,  id  gain  margins,  however  h.  e  then  r  o  he  shifted  towards 

1 1  '■  ]  h  e  r  i  ,  v  a  1  u ,  -  - 


I  ' 

\ 
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A  f  !i  r' t  her  analysis  of  Fig.  18  shows  that  configurations  with  t  i  nit?  t.n  double  I,  -■  0  .  s 
may  not.  In'  feasible  tor  a  production  aircraft,  i  von  a  small  in  f  avourab  I  e  error  concern 
i  ng  [,  (caused  by  aerodynamic  u  :n:  e  r  t.  a  i  n  t  i  e  s  for  ox  amp  I  e)  would  require  excessive  addi¬ 
tional  control  power  and/or  would  hurt,  the  at:  It  I  evab  I  e  phase  and  gain  margins.  I  h  i  s  does 
not.  mean  that  such  an  a  ire  reft,  cannot  he  realized  or  equipped  with  reasonable  handling 
qualities  (see  for  example  X  P1))  ,  But  the  statement  does  point  out.  that  sum  a  high 
dynamic  design  instability  introduces  a  lot  of  risk  which  does  not  pay  off  and  that 
during  development  and  operation  major  difficulties  with  respect,  to  safety  and  handling 
may  he  encountered. 

4.3  Margins  for  Pitch  ..Recovery  from  II  ig;i  Angles  of Attack 

the  minimum  pitch  recovery  control  power  which  has  to  be  installed  at  high  angles  of 
attack  near  Ct  mjx  cannot  only  be  defined  by  sufficient  nose  down  acceleration  which  has 
to  provide  a  safe  return  from  maneuvers  near  stall.  A  more  detailed  analysis  of  the 
problem  leads  to  the  conclusion  that  the  required  nose  down  control  power  ran  roughly  be 
split  into  two  parts  ( fig.  21 

1)  basic  demand  for  stabilization,  for  counteracting  gusts  and  for  sufficient  pitch 
hardling  qualities  during  high  angle  of  attack  manoeuvres 

2)  additional  control  power  for  increased  agilit.y  at  high  angl  es -of-at  tack 


[he  basic  demand,  which  has  to  he  provided  in  the  nose  up  as  well  as  In  the  nose  down 
direction,  could  probably  be  defined  by  design  charts  like  those  devel opped  in  section 
4.P.  i he  criterion  presented  in  Fig, l_8,  however  is  based  ori  handling  quality  require¬ 
ments  of  CAT. A  flight  phases  and  a  heavy  gust  ramp.  Both  are  not  applicable  for  high 
angle  of  attack  maneuvers.  So  the  whole  criterion  has  to  be  recalculated  on  a  modified 
basis  which  has  riot,  be  done  up  to  now.  -  As  a  rule  of  thumb  the  required  pitch  accelera¬ 
tion  could  be  fixed  at  about  0  =  +0.3  rad/s*.  This  margin  which  should  be  designed  for 
in  any  case,  is  supported  by  several  simulation  studies  and  recent  work  within  several 
fighter  projects. 

Additional  pitch  control  power  for  increased  agilit.y  at  high  angl es-cf-attack  is  direct¬ 
ly  combined  with  the  requirements  for  maximum  roll  rate  in  this  region.  The  sketch  on 
the  left-hand  side  of  Fig.  21  shows  that  any  roil  rate  around  the  velocity  vector  is  com¬ 
bined  with  a  pitch-up  moment.  The  aircraft  acts  like  a  dumb-bell  and  the  resulting 
inertial  coupling  produces  a  nose-up  acceleration  which  is  given  by: 

0.;c  =  i  P-v  •  S  i  n?a 

So  beneath  the  basic  recovery  margin  additional  pitch  down  control  power  is  needed  lO 
counteract  the  inertial  coupling  during  roll  manoeuvres.  As  socn  as  the  a n g 1 e - o f - a 1 1 a c k 
for  maximum  lift  (i.e.  roughly  the  location  of  minimum  nose  down  control  power)  is  known 
it  is  possible  to  draw  a  design  chart  of  required  pitch  down  acceleration  versus  roll 
rate,  as  shown  on  the  righthand  side  of  Fig,  ?A .  The  fix  of  a  roll  rate  requirement  at  a 
certain  calibrated  airspeed  leads  us  straight  forward  towards  the  nose  down  recovery 

margin  in  terms  of  6  or  pitch.ing  moment  coefficient  ACmRec  which  has  to  be  installed.  It 
is  important  to  point  out  that  a  certain  loss  in  pitching  moment  due  to  differential 
flaps  has  to  be  taken  into  account;  this  leads  to  the  slightly  transverse  line  in  the 
design  chart  if  the  recovery  moment  is  defined  to  be  derived  from  the  configuration  with 
all  pitch  controls  deflected  fully  down. 


4  .  4  Design  Criteria  for  lateral  /  D  i  recti  g_n  a  1  Stability 

Considerations  about  requirements  for  the  lateral /directional  basic  characteristics  of  a 
modern  fighter  design  have  to  start  with  the  evidence  that  an  unstable  design  in  roll/ 
yaw  will  not  lead  to  such  remarkable  gains  in  performance  as  destabilization  in  pitch. 
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Furthermore  a  dynamically  unstable  aircraft,  in  pitch  artu  yaw  may  mult 
of  the  flight  control  system  and  hence  is  not  very  likely  to  pay  off. 
iho  consequence  is  that  at  low  as  well  as  at  high  angles  of  attack  the  design 
towards  coefficients  and  derivatives  which  produce  at.  least  indiffe-ent  roots 
dynamic  analysis  (slightly  unstable  spiral  mode  excluded). 

I  he  critical  area  for  low  angle  of  attack  characteristics,  control  fixed,  may 
at  nigh  supersonic  Mach  numbers .  In  the  region  of  maximum  dynamic  pressure  the 
factors  usually  diminish  the  stabilizing  contribution  of  the  vertical  tail, 
for  the  low  speed/ high  angle -of  attack  region  stable  directional/lateral  derivat 
( • C ri g ,  with  smooth  behaviour  versus  sideslip,  avoidance  of  yaw  and  roll  departure 

tendencies,  sufficient  margin  for  spin  resistance  and  effective  rudder/ rol  I  control 
newer  highlight,  the  optimization  goals. 

lo  assess  departure  arid  spin  resistance,  the  "Dynamic  Directional  Stability  Parameter" 
C„n  and  the  “Lateral  Control  Departure  Parameter”  LCPD  have  been  developed  and  pro 

prediction  method  by  Weisman  [see  Ref.  2,  3,  41.  The  resulting  Wei  smart 
Taken  from  [Ref.  31)  i  ri  Fig.  22  specifies  regions  of  stable  arid  unstable  - 
haviour  in  the  Cnp  -l CD!'  Plane.  Cnp  (  itself  has  been  derived  from  the  rharacti 
equation  as  it  >  s  summarized  in  I  i  .  using  the  exp 

occurs  if  the  L  coefficient  becomes  negative.  As  shown 
container]  in  (.  are  usually  small  enough  to  tie  ring  I  rr  re 
leads  to  the  conclusion  that,  direr  i  tonal  il  i  vergeru  e  is 
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a  p  p  r  o  :i  c  h  o  r,  /or’  o  o  r  g  o  i.  s  nog  a  tive,  (hi  s  o  n  t!  e  n  t.  y  w  a c  h  o  c  k  e  d  d  <j  a  i  n  s  t.  t  h  e  b  e  h  a  v  1  o  u  r  o  f 
sever* I  high  performance  alrcdfi:  and  the  correlation  turned  out.  to  be  fairly  good. 

So  it  has  become  common  use  for  preliminary  design  to  set  a  certain  mi nimum  posi t ive 
margin  for  i‘  »  ,vn  to  make  sure  that  spin  tendency  at  high  ang I as-ol  attack  is  excluded. 
Meanwhile  many  papers  have  been  published  (see  for'  example  [Ret.  A  aria  6.0  where  the 
clear  evidence  was  pronounced  that  some  key  phenomena  may  not  be  covered  by  the  criter¬ 
ion.  [specially  the  regions,  marked  with  "affected  by  secondary  factors'  in  jJLs.i_22*  am 
the  many  examples  of  current,  modern  fighters,  whose  behaviour  at  high  angles  of  attack 
were  found  to  be  different  from  the  C„;.  prediction,  shows  the  need  for  revision  of 
this  criterion.  pdyn 

In  examining  the  data  used  by  Wei  swan  it  was  found  in  [Ref.  41  that  son'ft  important 
features  of  fighter  aircraft  have  changed  since  the  criterion  was  developed.  Especially 
maximum  lift,  and  usable  angle  of  attack  have  shifted  to  considerably  higher  values 
facl  -  ?0°  -  30”)  which  Implies  that  the  static  and  dynamic  i a tera 1 /d i rec t i onal  deri¬ 
vatives  are  now  dominated  by  forebody  vortices  from  nose,  strakes  or  canard,  for  the 
older  aircraft  the  dynamic  data  were  of  minor  influence  and  the  departure  characte¬ 
ristics  in  Weisman's  correlation  were  dominated  t.y  the  static  derivatives.  -  High  angle 
of  attack  c harac ter i s t i c s  of  modern  aircraft,  are  more  dependent  on  the  dynamic  deriva¬ 
tives  which  are  heavily  influenced  by  foreboay  geometry. 

In  spite  of  the  fact  that,  fighter  configurations  and  usable  flight  envelopes  have  chang 
ed  the  characteristic  equation  of  F i_g 23  is  still  valid:  Stable  behaviour  may  be  expec 
ted  if  all  the  coefficients  B,  C.  F  arid  E  are  positive  and  if  the  Routh  di scrimi nent 
(C -B -D) • 0 - E B *  keeps  larger  than  zero.  -  So  with  typical  data  from  modern  fighter  con¬ 
figurations  under  consideration  some  design  rules  for  the  aerodynamic  optimization  in 
windt.unnei  may  be  derived,  as  done  in  Fig.  24 : 

A  rough  estimation  shows  that  according  to  the  geometric,  mass  and  inertia  figures  of 
typical  modern  fighters  (Fig.  13  with  radius  of  inertia  ix  =  1.6,  iz  w  4-4:  span  =  10  m 
the  following  characteristic  values  may  be  assumed: 


ps  >  80 


0..’  <  K7  -  0.5 


mass  density: 

inertia  ratios:  -.x  - 

f 1 ightmechanica I  time:  tp  <  0.1  ps 

Furthermore  the  results  of  various  windtunnel  tests  show  that 


.  Cyp  will  always  stay  negative 
.  C!r  will  always  stay  positive  (CJr 


' L •  cEr  *  1  -  °  at  cLmax} 


Keeping  these  assumptions  in  mirid  the  design  rules  for  the  aerodynamic! st$  are  straight 
forward : 


The  B-coef ficient  stays  positive  if  autorot.ation  is  avoided  ( C g p 
damping  is  maintained  vCnr  <  0). 


0)  and  yaw 


The  C-coexficient  is  dominated  by  Cnrdyn:  this  parameter  must  be  kept  larger  than 
zero.  M 


To  keep  D-  and  E-coefficient  ana  the  discriminant  positive  it  is  essential  to  main 
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In  any  case  it  is  necessary  to  emphasize  that,  the  dynamic  aerodynamic  data  has  to  be 
included  into  the  design  process  as  early  as  possible  and  that  s.able  and  linear  charac 
ter i sties  for  the  essential  derivatives,  as  listed  above,  have  t.i  form  a  fundamental 
design  goal  within  the  optimization  of  modern  fighters. 


4.5  Design  Rules  for  L  at eral/Direc t 1 onal  Control  I e«"_s_ 


The  essential  factors  which  influence  the  control  power  requirements  in  roll  and  yaw 
directly  may  be  deducted  from  MIL  Spec.,  as  .or  example  from  requirements  for  "Time  to 
Bank",  “Engine  fai’urt  during  Takeoff"  and  "Take-off /l and i  r.q  in  Crosswind". 

Control  power  for  stabilize  ion  or  stability  augmentation  of  the 
axis  is  dependent  on  the  Chosen  basic  stability  characteristics. 

But,  as  iong  as  ric  excessive  instability  in  roil  or  yaw  has  to  be 
power  deducted  from  the  other  criteria  should  be  sufficient. 

The  capability  to  initiate  and  maintain  coordinated  roils  especially  at  high  angles  of - 
attack  represents  a  major  point,  of  interest  especially  for  future  fighter  aircraft  with 


lateral/directio n a i 
as  discussed  above. 
Covered  the  control 


high  agility  i  i 


n  this  part  of  trie  flight  envelope.  Already  dur 
phases  these  aspects  may  bt  covered,  f  i ; . 
time  domain  the  essential  parameters  which 
required  from  aerodynamic  or  thrust,  vector 
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lor  p  re  I  i  in :  na>  y  design  the  roll  per  ( tirnianre  of  an  aircraft  may  be  sufficientJy  described 
by  the  Roll  Time  Constant  I,.,  the  Maximum  Roll  Rate  p«Ax  ancl  a  "Time  to  Bank  to  0  de¬ 
grees".  Especially  at  nigh  any!  os -of  attack  most  of  the  control  law  designs  try  to  avoid 
sideslip  and  therefore  prefer  a  wo  1 1  coordinated  roll  around  tne  velocity  vector.  So  the 
"pitch  recovery  margin"  which  has  been  provided  accorcing  u  the  discussion  iri  chapter 
A.:t  sets  the  first,  corner  stone  by  defining  the  maximum  achievable  roll  rate  P\/MAX  (ro1  1 
rate  around  the  velocity  vector).  A  rough  calculation  shows  that  the  roll  power  neces¬ 
sary  to  maintain  this  roll  rate  is  far  too  small-  to  get  sufficient  handling  qualities: 
The  resulting  time  constant  To  and  as  a  consequence  the  "Time  to  Bank"  to  an  arbitrary 
bank  angie  is  much  too  large  for  an  agile  aircraft.  So  once  a  requirement  for  "Time  to 
Rank"  or  a  certain  "Roll  Time  Constant."  is  settled  some  additional  roll  acceleration, 
cpi.(t:  will  be  necessary  during  the  first  few  seconds  of  the  manoeuvre.  In  practice  a 
1  fine  to  Bank"  requirement  leads  straight  towards  a  "Time  Constant"  requirement  if  the 
maximum  roll  rate  is  fixed.  Thus,  to  initiate  a  coordinated  roll  manoeuvre  the  necessary 
roll  acceleration  (around  velocity  vector)  can  be  simply  defined  as: 
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Fig.  26  now  points  out.  how  the  roll  acceleration  requirement  has  to  be  transferee!  into 

body . fixed  yaw  and  roll  control  power.  The  def  inition  of  angl e-of  -attack  and  calibrated 

a l r speed / dy narn i c  pressure,  where  the  agility  is  required,  leads  to  the  deduction  of  the 
body  fixed  roll  and  yaw  control  power  requirements.  Some  further  analysis  shows  that  for 
any  coordinated  roll  manoeuvre  onset  the  relation 


i  * 

cn0  =  CS0  '  '  tg  a 

mu s t  be  satisfied.  Because  of  \z  >  ix  good  re  1 i  performance  at  high  angles  may  only  be 
achieved  if  sufficient  yaw  control  power  can  be  provided. 

The  summary  of  all  the  discussions  above  is  presented  in  Fig. 2]_  showing  a  "design 

chart"  for  yaw  and  roll  controllers  at  high  ang 1 es -of-a t tack .  The  diagram  (body  fixed 
yawing  moment  versus  body  fixed  rolling  moment)  contains  the  line  of  coordination  (de¬ 
fined  by  equation  above)  and  an  arbitrary  minimum  requirement  for  Cn  and  C»  (deducted 
f  rom  _F  i  g  .  26 )  . 

The  ai 1 eron  ’and/or  flaperons  at  high  angl es-of-attack  usually  produce  an  adverse 
yaw/roll  characteristic.  Starting  from  this  characteristic  it  is  now  necessary  to  meet 
the  coordination  line  above  the  requirement  Dy  providing  the  appropriate  yaw  control 
power.  It  gets  evident  that  this  does  not  only  require  a  certain  yawing  moment  Cn  but 
also  a  C n - C jj  characteristic  of  the  yaw  controller.  Once  the  yaw/roll  control  behaviour 
is  fixed  by  configuration  details  it  is  of  no  use  to  increase  the  yaw  potential  beyond 
the  “line  of  coordination".  The  capabilities  for  a  we i 1  coo"di na*  ad  roll  manoeuvre  will 
not  improve. 

5 .  Aero dynami c/Flig ht mechani cal .  P ecu!  ar  i  ties  of  Config urat i on s  and  Configurat  ion- 

Dp tails 

Using  the  stability  and  control  requ i rernents  derived  in  the  previous  sections,  the  aero  - 
dynami cists  together  with  the  overal'  design  specialises  have  to  look  for  a  well  balanc¬ 
ed  design.  During  the  different  p re  design  phases  several  (tail  )  concepts  will  be  in¬ 
vestigated  and  compared  and  solutions  based  on  ail  three  horizontal  ta>l  arrangements 
w i 1  l  usually  be  proposed,  as  already  illustrated  in  H g . _  13  and  14.  In  general  it.  is  riot 
very  difficult  to  provide  the  necessary  pitch  control  power  together  with  a  reasonable 
design  instability  by  qualified  con f i gu ra t i ve  means  as  shown  in  Fig.  28.  Only  for  a 
merely  tailless  aircraft  a  destabilization  SM  *  0  %  c  will  probably  be  impossible  to 
realize,  unless  exotic  wing  concepts  go  tic  wings)  are  used  which  introduce  a  lot  of 
natural  pitch-down  at  higher  angles  of  attack.  The  introduction  oi  a  "Pitch- fhrust- 
Vec  tor  Nozzle"  as  an  internal  horizontal  tail  (fig.  28  rigrit  side)  offers  an  attractive 
alternative  to  regain  the  advantages  of  an  aerodynamical  1  y  unstable  tailless  aircraft. 
Ruf.  8 J . 

.'  the  typical  shifts  of  aerodynamic  centre  versus  Mac  hriumber  for  the  different  t.c  i  1  con¬ 
cepts  are  analysed,  as  done  in  Fig.  ?b,  critical  areas  for  maximum  dynamic  instability 
levels  for  small  angles  of  attack  may  he  identified,  for  the  Canard  Configuration  the 
a.r.  keeps  mov'ng  eft  continuously  within  the-  whole  subsonic  Muchnumber  r  nge  so  th.at 
the  maximum  static  instability  for  low  angles  of  attack  may  be  expected  i n  the  low  speed 
r  o  g  i  o  n  . 
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stabilizing  contribution  of  the  tail  versus  angle  of  attack  which  leads  to  a  continuous 
Ditch-down  effecr  The  maximum  dynamic  instability  may  therefore  be  expected  at  low 
angles  of  attack  where  the  largest  control  potential  will  be  available.  This  favourable 
character!  Stic  will  meet  the  general  wishes,  to  introduce  instability  in  order  to  mini¬ 
mize  drag  up  to  medium  angles  of  attack.  As  maximum  lift  is  approached  the  i ri  tdbility 
is  reduced  considerably  which  helps  to  optimize  handling  and  to  avoid  complexity  of  the 
control  laws.  -  The  Cm„-c harac ter i s t i cs  of  a  tailless  configuration  are  dominated  by  the 
geometry  of  wing  and  strake  which  should  be  optimized  in  a  way  that,  only  minor  pitch-up 
tendencies  up  to  medium  angles  of  attack  are  to  be  expected. 

The  effects  of  a  wing  strake  on  the  basic  pitch  behaviour  are  shown  in  Fig.  31.  As 
strake  size  increases  the  aerodynamic  centre  is  shifted  forward  wnich  implies  that  for  a 
given  design  instability  the  maximum  Cma  will  get  larger  and  the  pitch  recovery  margin 
will  be  reduced.  In  addition  some  increase  in  maximum  lift  (probably  not  usable)  and  a 
shift  towards  higher  an  may  be  expected. 

"  L  jr j  x 

A  not  very  obvious  but  nevertheless  big  effect  on  maximum  instability  and  recovery  mar¬ 
gin  may  come  from  the  choice  of  the  proper  vertical  tail  configuration.  Fig.  32  illu¬ 
strates  the  loss  in  pitch  down  capability  and  the  increase  in  Cjna  when  replacing  the 

single  vertical  by  a  twin  tail  .  The  flow  breakdown  at  higner  angles  of  attack  produces  a 
downlead  between  the  two  vertical  fins  and  therefore  a  positive  contribution  to  the 
pitching  moment  coefficient.  Windtunnel  tests  have  shown  that  this  effect  is  almost  in¬ 
dependent  on  tfie  cant  angle  of  the  verticals. 

In  addition  to  tail  concepts,  strakes  etc.,  the  choice  of  the  w'ng  planform  itself  may 
be  crucial  for  the  danger  of  too  large  pitch-up.  As  shown  iri  the  Cm~a  diagrams  on  the 
left  side  of  Fig.  33  a  "normal"  trapezoidal  wing  will  obtain  its  most  critical  SM  and 
Cma  at  low  Machnumbers.  In  transonic  and  supersonic  regions  those  planforms  tend  to 
restabilize  and  p  tch  down:  the  aerodynamic  centre  moves  continuously  aft  and  instabil¬ 
ity  disappears.  -  other  wing  planforms  like  cranked  wings  may  exhibit  a  different  un 
favourable  behaviour  (see  righthand  graph  of  Fig.  33 ) :  At  low  angles  of  attack  the  usual 
aft  movement  of  a.c  is  found  whereas  at  medium  a  a  considerable  pitch-up  tendency  is 
extended  to  trans-  or  even  supersonic  Ma^nnumbers  oecause  of  a  vortex  burst  at  the  Kink- 
station. 

Once  a  first  wing-body-tail  concept  with  its  geometrical  wing  data  "aspect  ratio"  and 
"sweep*  has  been  selected,  it  may  be  possible  that  the  resulting  pitch-up  tendencies 
turn  out  to  be  unsatisfactory.  A  proper  possibility  to  improve  the  situation  may  be 
found  by  looking  for  alternatives  in  the  wing  planform  itself.  -  Similar  to  the  so 
called  “NACA-Pi tch-up  Line"  it  is  possible  to  draw  diagrams  of  "similar  pitch-behaviour 
at  high  angles  of  attack"  for  trapezoidal  wings  depending  on  the  geometrical  parameters 
"aspect  ratio  A"  and  "leading  edge  sweep  (-  Fig.  34).  If,  starting  from  a  baseiine 
configuration,  more  "Pitch-down"  is  required  at  high  angles  of  attack,  it  doesn't  make 
much  sense  to  change  the  wing  geometry  parallel  to  these  lines.  It  is  more  promising  to 
introduce  changes  perpendicular  to  the  curves  of  "Similar  Pitch-up"  which  means  to  de¬ 
crease  the  product  A •$.  The  same  principal  relationships  may  be  found  for  wing-strake- 
combinations;  the  lines  are  then  shifted  parallel  towards  smaller  A-^-values. 

As  already  discussed  in  section  a. 4,  the  original  design  philosophy  for  the  lateral /di¬ 
rect!  onal  unaugmented  behaviour  has  not  changed.  The  general  design  goal  is  still  to 
maintain  natural  stability  which  just  has  become  more  difficult  to  achiee  because  of 
the  need  to  go  to  higher  anoles  of  attack.  Here  induced  forces  and  moments  from  the 
forebody  (nose/strake/canard;  teno  to  dominate  the  static  and  dynamic  aerodynamic  data 
and  the  aft.-body  surfaces  (vertical  tails)  will  generally  loose  their  importance.  The 
diagrams  in  Fig,  35  (taken  from  [Ref.  43)  and  Fig.  36  show  that  there  arc  fundamental 
interchanges  between  static  and  dynamic  derivatives  if  the  shape  and/or  length  of  the 
fore  body  is  altered:  It  is  true  that  variations  towards  elliptical  cross  sections  for 
example  will  improve  the  static  directional  data  C„g  On  the  other  hand  the  yaw  damping 
Cilr  and  the  lateral  stability  may  be  detor i at edpwh i c h  can  lead  to  departure  and  spin 
tendencies  (see  analysis  of  characteristic  equation  Fig.  23/24)  .  -  Advices  for  optimum 
forebody-geometrv  are  difficult  to  be  defined  because  the  Interactions  of  the  different 
emerging  vortices  arid  the  resulting  forces  and  moments  can  hardly  be  predicted.  The 
analyses  of  numerous  windtunnel  iests  however  have  shown  that  it  may  be  most,  promising 
to  design  for  a  round  nose  cross  section  with  a  forebody  length  of  S N / d  =>  b.b  (d  -  fuse¬ 
lage  diameter  at  wing  apex). 

As  the  1  at  era  1 /d i r ?r * i orial  data  at  high  angles  of  attack  is  heavily  dependent  on  the 
forebody  geometry  l;.s  scheduling  and  control  deflect ioi  .  of  a  canard  may  hurt  the 
important  acrodynami c  derivatives  as  well  (see  Fig.  37).  (.specially  close  to  maximum 
lift  Cjd  is  strongly  influenced  by  and  often  Highly  nonlinear  versus  canard  setting 
which  imposes  a  lot  of  severe  problems  both  on  the  aerodynami s i s t s  and  the  flight,  con 
trol/flight  mechanics  people.  lor  an  aft-tail  concept  the  data  is  generally  much 
smoother  as  shown  on  the  right  hand  sice  of  Fig.  3/:  Once  the  forebody  shape  has  been 
optimized  for  s  u  f  f  i  c  i  e  n  r  la  t.  e  ra  I  /  o'  i  rec  t  i  onal  stability,  t  n  e  d  e  f  1  e  c  t.  i  o  n  s  o  f  t.  h  e  hoc  i 
zontal  aft- tail  will  not  deteriorate  the  relevant  data. 

b  .  L  o  n  e  I  u  s  i  o  n  s 

The  discussions  about  recommendations,  re-qui remen  Is  and  limits  which  have  to  he 
into  acfoun'.  in  order  to  cover  "  ('  1  i  ghtmerhun  i  c  a  I  “  and  "'1  ighf.  Control  .  v  :.  "  p 
view,  have  shown  triat  it  is  mandatory  to  Involve  these  aspects  already  into  a  p 
inary  design  process  of  a  modem  fighter  aircraft  1  he  criter  i  a  which  have  been 
are  of  major  influence  for  the  over  si!  con  i  1  gu ra t  i ;  i . 
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Maximum  allowable  instabilities  and  control  power  requirements,  will  set  remarkable  con¬ 
straints  to  the  freedom  of  aerodynamic  design  and  influence  essential  components  of  the 
aircraft.  3ecause  of  the  complex  aerodynamic  effects  at  high  ang 1 es -of-attack  it  will  be 
necessary  to  approach  the  "basic  configuration"  by  some  optimization  loops  especially  in 
low  speed  wind  tunnel  tests.  During  the  whole  process  specialists  from  f 1 i ghtmecharii cs , 
aerodynamics  and  overall  design  departments  have  to  form  a  close  team  iri  order  to  end  up 
with  an  excellent,  well-balanced  design. 

Furthermore  the  discussion  about  f 1 i gh tmechan i cal  criteria  which  can  and  have  to  be  used 
within  the  pre-design  phases  of  modern  fighters,  has  shown  that  no  homogenious  set  of 
requirements  is  available  up  to  now. 

Especially  the  impact  of  unstable  design  together  with  high  angles  of  attack  maneuvering 
is  not  covered  sufficiently.  Therefore  further  research  is  urgently  needed  to  develop 
criteria  which  show  the  i nter-rel at ■ onshi p  between  attainable  Flying  Qualities,  Design 
Instability  and  required  Control  Power  within  the  several  flight  phase  categories  or 
angles  of  attack  regions. 


7 .  Ncmenci ature 
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Coefficients  of  characteristic  equation,  see 
Wing  span 

Control  Anticipation  Parameter 
Drag  Coefficient 
Mean  Aerodynamic  Chore 
Lift  Coefficient 

Lift  due  to  Deflection  of  Pitch  Controller 
Lift  Curve  Slope 

Lift  due  to  Angle  of  Attack  Rate 
Lift  due  to  Pitch  Rate 
Rolling  Moment  Coefficient  (Body  Fixed) 
Rolling  Moment  due  to  Sideslip 
Rolling  Moment  due  to  Roll  Rate 
Rolling  Moment  due  to  Yaw  Rate 
Pitching  Moment  Coefficient. 

Efficiency  of  Pitch  Controller 
Pitching  Moment  derivative 

Pitching  Moment  due  to  Angle  of  Attack  Rate 
Pitching  Moment  due  to  Pitch  Rate 
Yawing  Moment  Coefficient  (Body  Fixed) 

Di  rectional  Stabi 1 i ty 

Spin  Resistance  Parameter  (Def.  see  Fig.  22) 

Yawing  Moment  due  to  Foil  Rate 
Yawing  Moment  due  to  Yaw  Rate 
Rudder  efficiency 

Sideforce  coefficient  (Body  Fixed) 

Sideforce  due  to  Sideslip 
Sideforce  due  to  Roll  Rate 
Sideforce  due  to  Yaw  Rate 
Diameter  of  Fuselage  at  Wing  Apex 
A 1 1 i tude 

Radii  of  Inertia  IBodv  fixed) 


Rat  os  of  Inertia  (see  i  i_g .  1  '->/?!) 

length  o t  Vertical  Gu s t  R amp 

Lateral  Control  Departure  Parameter  'see  fig. 
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Fig.  3  Correlation  between  Handring  Quality  Requirements  and 

Aerodynamic  Parameters  for  Unaugment&d  Aircraft  {Lat./DJr.  Axes,) 
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Fig.  4  fntef ration  of  Handling  Quality  Requirements  into  the  Sizing  of  the  Vertical  Tail 
(Unaugmented  Aircraft) 
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Fig,.  7  Key  Characteristics  for  the  Aerodynamicists 
Pitching  Moment  versus  Angle  of  Attack 


Fig.  8  Principle  Problems  of  (Pitch)  Stabilization  for  an  Unstable  Designed  Aircraft 
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Fig.  9  Key  Characteristics  of  Unstable  Design  in  Pitch 
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Remarks 
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•  Lever  Arm  of  Aerodynamic  Forces 
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•  Indicates  Potential  for  Higher  Max.  Lift 

•  Flightmechanical  Design  Criterion  for  stable 

Unaugmented  Aircraft 

•  No  Indication  for  Higher  Agility 

Time  to  Dcuole  Amplitude 

T, 

•  Quantification  of  Dynamic  Problems 
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-♦  Optimization  of  Flying  Qualities 

Maximum  Pitcti  Control  Power  ±  M 

max 

Rate  of  Control  Power 

Duild-up  ±  M 

”  max 

•  Defines  Potential  to  Solve  Problems 

Fig.  10  Control  Law  Structure  and  Aircraft  Model 
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F'lg.  n  Handling  Quality  Requirements  Used  for  Optimization  of  Control  Lows 
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Fig.  12  Safety  Aspect.'  covered  by  Sufficient  Robustness  of  Control  System 


•  Nyquist  Criterion: 
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the  phase  is  smaller  than 
-180  deg.,  the  closed  loop  is.... 

...."Unstable" 


•  Margins  to  Stability  Limits  cover 
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-  Phase  Margin:  35  deg.  at  ±  3  dB 
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Fig.  13  Typical  Modern  Fighter  Configurations 

(Designed  for  European  Mission  end  Manoeuvre  Requirements) 
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Fig.  14  Typical  Data  of  Modern  Fighter  Aircraft  in  the  Subsonic  Region 
(Longitudinal  Motion); 
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(small  or) 

SM  =»  — 10  % 

SM  «  -8  % 

SM  «  -8  % 

SM  «  0  % 

Medium  Combat  Mass  m 

ca.  12500  kg 
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3.0  m 

3.2  m 

,v  inci.  Wing  interference  2m_ 

”  incl.  Tail  fnserierence  *l1  “  (>  S  c 


Fig.  16  Evaluation  Procedure  for  the  '^-Criterion 

(Required  Control  Power  versus  Time-to-Douhle; 


Fig.  17  "Test  Inputs"  for  the  Evaluation  of  the  Necessary  Control  Power 
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Fig.  18  T2«Cr  iter  ion  for  Unstable  Fighter  Aircraft 
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Fig.  19  Response  on  Test  Gust  for  Different  Overall  Time  Delay 
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Fig.  22  Weissmano  Criterion  for  Laferai/Dsrectianal  Stability 


C'H>dyn  *  ':nli '  cos  “  {  ,*  )  cl|! '  sin  «  . 

Cr,f  *  >  Bare  Aircrart 

LCDP-Gm,-  ,v:;<  CHi  j 


& 

* 


Y77~A  High  Departure  and  Spin 
h  A  g  Resistant 


Spin  Resistant, 
Objoctional  Roil 
Reversals  can  Induce 
Departure  and  Post 
Stall  Gyrations 

Weak  Spin  Tendency, 
Strom  Rod  Reversal 
Rosuhs  In  Control 
Induced  Departures 

Strong  Departure  Roll 
Reversal,'!,  and  Spin 
Tendencies 


Weak  Spin  Tendency, 
Moderate  Departure  and 
Roll  Reversals,  Affected 
by  Secondary  Factors 

Weak  Departure  and  Spin 
Resistance,  no  Roil 
Reversals,  Hoavily 
Influenced  by 
Secondary  Factors 


*  Scales  per  Degree 
Derivatives  US  Standard 


pul  i>J{  ;,|!l  " ' '  ..  ill 


> 
o 

0.012  «i 

O 


Ref:  Seaufrero 


Fig,  23  Characteristic  Equation  of  Laterul/Directional  Motion 
(Derivatives  in  Body  Axes) 
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Fig.  24  Design  Criteria  for  Lateral/Directional  Characteristics 
(at  High  Angles  of  Attack) 

<9  Assumptions:  »  o  ( typical  values  >  80) 
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Fig.  25  Definition  of  RoSI  Control  Power  by  Roll  Performance  Requirements 
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Fig.  26  Definition  of  Body  Fixed  Roll  and  Yaw  Control  Power 
(Coordinated  Rolls  at  High  Angles  of  Attack) 
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Fig.  27  Design  Diagram  for  Yaw  os  d  Roll  Control  Power  at  High  Angies  of  Attack 
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Fig.  2B  Typical  Pitching  foment  Characteristics  of  Modem  Fighters 
in  the  Subsonic  Region  (Mach  0.3) 


Canard  Corifkjuratiof i  Aft  Tail  Configuration  Pitch  Thrust  Vector  Configuration 


’  Margin:  «AS  -  0,80  rad/s?  (200  KEAS:  Pitch  Recovery  +  MAX  Ro'lrate  =  65deg/s) 
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Fig.  29  Shift  of  Aerodynamic  Centre  and  Time  to  Double  T2  (Smaii  Angies  of  Attack) 


Canard  Configuration  Aft  Tail  Configuration  Pitch  Thiust  Vector  Configuration 


Fig.  30  Static  Instability  and  Time  to  Double  T2  versus  Angle  of  Attack 
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Canard  Configuration 
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Fig.  31  Influence  of  Wing  Apex  Strokes  on  the  Pitching  Moment  Characteristics 


Fig,  32  influence  of  Vertical  Tail  Arrangement  on  the  Pitching  Characteristics 
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Fig.  33  influence  of  Wing  Planform  on  Pitch  Behaviour  (Zero  Controls) 
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Fig.  34  Pitch-up  Behaviour  at  Higher  Angles  of  Attack  as  a  Function  of  Wing  Planform 


Fig.  35  Influence  of  Forebody  Shape  on  Directional  Stability  and  Yaw  Damping 

(Ref.;  J.  Hodgkinson) 


Fig.  36  influence  of  Forebody  Shape  ot  Static  Lateral/Direciionai  Denatives  (($  =  10  ) 


AFT  TAIL 
2  VERTICALS 


v  =25° 


Fig.  37  Influence  of  Horizontal  Tail  Deflections  on  Lateral  Stability 
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B-tB  HIGH  AO  A  TESTING 

IN  THE  EVALUATION  OF  A  STALL  INHIBITOR  SYSTEM 
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Mailt  S.  Sobota 

Captain,  United  States  Air  Force 
65 10th  Test  Squadron 
Air  Force  Flight  Test  Center 
Fxiwaids  AFB,  CA.  93523,  USA 


SUMMARY 

High  angle-of-attack  (AOA)  B-IB  flight  tests 
were  cotKlucted  front  September  1987  to  June  1989  at 
Edwards  AFB  California  for  the  purpose  of  evaluating 
a  flight  control  Stall  Inhibitor  Systeni/Stability  Enhance¬ 
ment  Function  (SIS/SEF).  The  SIS/SEF  system  was  in¬ 
tegrated  into  the  basic  B-IB  flight  control  system  (FCS) 
because  of  an  inherent  stability  problem  in  the  B-l 
aircraft  design  The  problem  lies  in  the  fact  that 
aerodynamically  the  B-l  was  stability  limited  and  not 
lift  limited.  This  resulted  in  a  lack  of  longitudinal 
stability  while  operating  at  high  AOA  conditions  with 
no  warning  or  natural  cues  to  the  pilot  that  the  aircraft 
was  approaching  an  Unstable  region  The  B- 1  ’s  stability 
limitations  were  made  even  more  pronounced  wlien 
B- 1 B  mission  requirements  called  for  an  an  82,000- 
pound  increase  in  maximum  gross  weight  over  the  basic 
B-l  A  configuration.  To  safely  utilize  all  the  available 
AOA  at  (lie  higlter  gross  weights  demanded,  some 
means  of  providing  "apparent”  stability  was  essential  to 
provide  cues  to  the  pilot  of  these  stability  limitations. 
Also  essential  was  a  means  of  providing  departure  resis¬ 
tance  to  protect  pilots  from  inadvertently  entering  a  haz¬ 
ardous  poststall  situation.  This  capability  v>  as  provided 
by  die  SIS/SEF  system  which  produced  a  marked  im¬ 
provement  in  flying  qualities  and  a  significant  increase 
in  operational  capabilities  over  the  original  B-l  A  FCS. 
This  paper  preseuls  significant  test  results  of  the 
SIS/SEF  flight  test  program. 

BACKGROUND 

Initial  B-l  A  flying  qualities  tests  (Reference  1) 
completed  in  May  ,Q79,  identifier;  high  AOA  flight  con¬ 
ditions  where  tl»e  B- 1  had  an  inherent  stability  problem 
causing  uncomntanded  aircraft  pitcfiup  with  inadequate 
natural  stall  warning  to  the  pilot.  A  follow-on  B-l  A 
flying  qualities  evaluation  (Reference  2)  completed  in 
August  1984,  provided  flying  qualities  test  results  of  a 
B-l  A  modified  with  a  B-IB  prototype  FCS  when  the 
strategic  bomber  program  was  revived  in  January  1982. 
The  B-IB  mission  requirements  called  for  an  82, 000- 
pound  gross  weight  increase  to  be  incorporated  to 
increase  payload  and  range  without  changing  die 
original  B-l  A  wing  and  tail  design.  Test  results  indi¬ 
cated  dial  llte  B  !  ’s  stability  problem  was  compounded 
because  oi  die  higher  AO  As  demanded  by  die  heavier 
weight  requirements  with  diminishing  longitudinal 
flying  qualities  occurring  within  a  significant  portion  of 
die  B-IB  flight  envelope.  Uncommanded  pitchup  ten¬ 
dencies  were  even  more  in  evidence  as  well  as  unaccep¬ 


table  pitch  stick  control  reversals  (dF»ik/dNz  <  0)  during 
maneuvering  flight.  Tile  3-1  bomber’s  inherent  stability 
problem  lies  in  the  fact  that  aerodynamically  ilie  B-l 
was  stability  limited  and  not  lift  limited.  That  is,  the 
maximum  achievable  AOA  was  defined  by  the  aircraft’s 
longitudinal  stablity  limitation  and  not  by  typical  maxi¬ 
mum  lift  stall  characteristics,  This  was  clearly  made  evi¬ 
dent  in  B-l  wind  tunnel  predictions  (see  Figure  1 )  where 
there  was  ample  lift  available  at  AO  As  well  beyond  the 
point  at  which  the  aircraft  became  longitudinally 
unstable. 

The  B-l  s  stability  limitation  was  directly  linked 
to  the  basic  airframe  aerodynamics  characteristics.  By 
electing  a  variable  sweep  wing  design,  the  B-l  required 
large  wing  pivot  joints  which  were  blended  into  the 
wing/fuselage  body  interface  (see  Figure  2).  At  this 
point,  the  outer  fuselage  skin,  commonly  called  the 
“wing  glove,”  served  not  only  as  a  good  aerodynamic 
fairing  but  an  excellent  lifting  surface  in  front  of  die 
main  wing  as  well.  During  high  AOA  flight  die  wing 
tips  stall  first,  thereby  decreasing  die  lift  component 
from  the  wings.  As  liiglier  AOAs  were  achieved  die  lift 
component  from  the  "wing  glove”  area  acted  as  a  lifting 
body  causing  the  center  of  lift  to  move  forward  until 
neutral  stability  occurred.  Also,  Use  basic  aircraft  flying 
qualities  were  such  that  tlicre  were  virtually  no  natuial 
cues  to  the  pilot  that  die  aircraft  was  approaching  die 
stability  limit  which  made  it  very  easy  to  inadvertently 
exceed  the  limit. 

This  lack  of  natural  cues  and  possible  aircraft 
departures  ultimately  constrained  die  B-l  to  a  very  con¬ 
servative  stall  warning  margin  to  protect  pilots  from  in¬ 
advertently  entering  a  hazardous  poststall  situation.  Stall 
wanting  was  set  at  an  AOA  value  of  80  percent  of  the 
way  from  zero  lift  AOA  to  neutral  stability  AOA,  thus 
making  the  stall  warning  margin  20  percent  below  die 
neutral  stability  AOA,  As  a  result,  litis  reduced  opera 
tional  AOA  envelope  (stall  warning  envelope)  was 
detuned  unsatisfactory  anti  modifications  to  the  basic 
B  IB  FCS  were  recommended  (Reference  2)  to  improve 
flying  qualities  and  to  utilize  die  bomber’s  intended  full 
design  jierformance  capability.  An  interim  stall  inhibitot 
system,  SIS  (phase  1)  or  SIS  1 ,  v  is  developed  and  flight 
tested  (Reference  3)  and  subsequently  was  installed  in 
die  (its!  18  production  B  IBs.  1  lie  SIS- 1  system  demon¬ 
strated  the  ability  to  provide  apparent  stability  through¬ 
out  an  interim  B-IB  (light  nvelope  white  a!  die  same 
time  providing  more  AOA  capability  by  reducing  the 
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stall  warning  margin  to  5  |rerienl  below  the  neutral 
stability  AOA  limit.  Based  on  tile  demonstrated  abili'y 
to  implement  this  interim  system,  a  follow-on  SIS 
(phase  ID/SF.F,  nrSIS-2/SEF,  system  was  designed  and 
tested  (Reference  4)  as  an  improvement  to  SiS- 1,  to  Ik* 
retrofitted  in  all  operational  B-IDs. 

Development  testing  of  SIS-2  Itegtut  0,  ,itemlH-r 
I9H7  and  continued  until  June  1989.  A  SHF  demonstra¬ 
tion  flight  was  flown  in  February  1988  to  evaluate  SEF 
gain  scheduling  up  to  and  including  llte  S1S-2  AOA  lim¬ 
its.  Actual  SEF  testing  beyond  die  SIS-2  AOA  limits 
began  in  June  1988  and  represented  the  Hist  time  the 
B  - 1 B  AOA  envelope  was  expanded  beyond  (lie  SIS-2 
limits. 

TEST  ITEM  DESCRIPTION 
General  Aircraft 

The  B-1B,  designed  and  manufactured  by  Rock¬ 
well  International,  was  a  long-range,  aerial-refuclable, 
strategic  bomber  with  the  capability  of  high,  subsonic 
flight  at  low  altitude.  The  B-1B  incorporated  a  blended 
wing-body  concept  with  variable-sweep  wings,  a  single 
vertical  stabilizer  with  a  three-section  rudder,  and  all- 
moving  horizontal  stabilat.ors  which  operated  inde 
petxlently  to  provide  both  pitch  and  roll  control.  The 
wings  were  equipped  with  flaps,  slats,  and  spoilers 
which  provided  roll  control  and  also  functioned  as  speed 
brakes.  A  structural  mode  control  system  (SMCS) 
reduced  longitudinal  and  lateral  structural  bending  oscil¬ 
lations  through  movable,  canted  vanes  on  each  side  of 
the  forward  fuselage.  The  aircraft  was  designed  for  a 
crew  of  four:  pilot,  copilot,  offensive  systems  officer, 
and  defensive  systems  officer. 

The  takeoff/Ianding  or  power  approach  (PA)  con¬ 
figurations  consisted  of  flaps,  slats,  and  landing  gear  ex¬ 
tended  widi  a  15-  or  20-degree  wing  sweep;  the  cruise 
(CR)  configurations  were  with  a  1 5-,  20-,  25  -,  55  -,  or 
67. 5-degree  wing  sweep  with  the  flaps,  slats,  and  land¬ 
ing  gear  retracted,  as  defined  in  Table  1  below. 


Table  1 

CONFIGURATION  DEFINITION 


Configuration 

Wing  Sweep 
Position  (deg.) 

Flap,  Slat !  and 
Gear  Position 

15  PA 

15 

Down 

20  PA 

20 

Down 

15  CR 

15 

^ _ VP . . 

20  CR 

20 

Up 

25  CR 

20 

. 

Up 

55  CR 

25 

VP  ... 

67  CR 

67.5 

'.Slat  position  up  is  retracted  and  down  is  extended. 


Tire  B  I B  was  powered  by  four  General  Electric 
FI  01 -GF,- 1 02  dual  rotor,  augmented  turbo  fan  engines  in 
the  30, 000-pound  thrust  class.  The  engines  were 
mounted  in  twin  nacelles  be  row  die  wing  near  tire  lefl 
am!  right  wing  pivot  points  Tire  engine  air  inlets  were  a 
fixed-geometry  design. 

Tire  aircraft  was  equipped  with  integral  fuel  tanks 
in  the  fuselage,  wing  carry  through,  and  wing  outer 
panels.  Automatic  fuel  transfer  sequencing  provided  eg 
control. 

Basic  Blight  Control  System 

Tire  B  IB  FCS  was  a  combined  hydromechanical 
system  integrated  with  the  electrical  stability  control 
augmentation  system  (SCAS),  including  SIS-2/SEF  and 
the  automatic  flight  control  system  (AFC'S).  Tire 
primary  FCS  provided  position  command  to  tire  flight 
control  surfaces  in  all  three  axes  based  on  mechanical  in¬ 
puts  from  the  pilot’s  control  stick  ami  rudder  pedals,  and 
electrical  control  stick  inputs  ami  stability  feedbacks 
through  the  SCAS.  The  secondary  FCS  included  die 
pilot's  controls  ami  actuating  devices  for  variable  wing 
sweep,  liigh-lift  surfaces  (slats  and  flaps),  SMCS,  and 
deceleration  control  (symmetrical  spoilers).  The 
S1S-2/SEF  description  included  in  the  following  discus¬ 
sion  was  tire  final  version  flight  tested  and  will  be 
referred  to  as  the  SIS/SEF  system  throughout  the 
remainder  of  this  pape-  '7or  more  detail  of  die  entire 
flight  control  sys'  r  to  References  5,  6,  7,  and  8. 

Stall  Inhibitor  System/Stahilify  Enhance¬ 
ment  Function 

The  SIS/SEF  system  was  designed  as  an  "mid  on” 
to  tire  basic  flight  control  system  which  consisted  of  a 
combined  hydromechanical  system  and  an  analog 
electrical  SCAS.  The  SIS/SEF  system  functioned  solely 
tlirough  the  pitch  SCAS  ami  v.  as  designed  to  operate  in 
two  modes:  SIS  and  SEF.  The  SIS  mode  was  designed 
to  enhance  B-  IB  flying  qualities  at  AOAs  up  to  and  in¬ 
cluding  neutral  aerodynamic  stability,  l  ire  SEF  mode 
provided  additional  stability  to  allow  the  aircraft  to  be 
flown  at  AOAs  beyond  neutral  stability  (any  wise  re  from 
i  -  to  4-degrees  AOA  above  neutral  stability  depending 
on  aircraft  configuration  and  flight  condition)  with  stiff) 
cient  pitch  control  power  remaining  to  safely  return  tire 
aircraft  from  excursions  beyond  tire  SEF  AOA  limits. 
Both  modes  operated  using  tire  same  hardware  control 
configuration  however,  SEF  utilized  higlrer  AOAs  and 
therefore  impi  «  I  higlrer  p  ires.  Tire  SIS/SEF  sys¬ 
tem  was  desigi  to  tail  operational  in  (tie  SEF  en¬ 
velope  and  fail  sure  in  the  SIS  envelope.  Tire  SEF  mode 
was  tire  normal  mode  of  operation  with  manual  rever¬ 
sion  to  (lie  SIS  mode  selected  for  certain  failure  states, 
lire  function  of  SIS/SEF  was  to  protect  the  aircraft  from 
exceeding  predetermined  AOA  limits  and  providing  in¬ 
creased  apparent  stability  in  neutrally  stable  or  statically 
unstable  legions  to  achieve  an  expanded  maneuver 
capability  consistent  with  expanded  B  I B  mission  objec 
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lives.  Apparent  stability  was  achieved  by  utilizing  an 
AOA  feedback  signal  to  reduce  trailing  edge  up  (TEU) 
horizontal  stabilator  commands  as  a  function  of  AOA 
and  AOA  irate.  Pilot  stick  force  cues  were  increased  by 
.oinking  stick  inputs  less  effective  at  commanding  TEU 
stabilator  deflection  as  the  aircraft  approached  the  AOA 
limit,  thus  increasing  the  aircraft’s  apparent  stability.  In 
order  to  improve  aircraft  flying  qualities  while  limiting 
AOA,  SIS/SEF  attempted  to  linearize  stick  force 
gradients  below  stall  warning  ami  considerably  increase 
stick  force  gradients  above  stall  warning.  An  example  of 
this  desired  system  response  is  shown  in  Figure  3  which 
depicts  a  1-g  level  deceleration  maneuver  performed  at 
20  CR,  aft  eg  to  tine  SEF  limit  (9.5  degrees  AOA).  Also, 
note  die  unstable  characteristics  of  the  aircraft  as  shown 
by  the  horizontal  stabilator  moving  in  the  trailing  edge 
down  (TED)  direction  as  the  AO  A  increases  from  7.5 
degrees  to  llic  SEF  limit. 

Angie-of-attack  was  determined  from  pressure  dif¬ 
ferentials  oil  the  pitot-static  probes.  Three  sets  of  side- 
mounted  pitol-staiic  probes  accompanied  by  three  sets 
of  digital  pressure  transducers  provided  air  data  informa¬ 
tion  to  two  Central  Air  Data  Computers  (CADCs)  for 
redundancy.  From  the  air  data  and  aircraft  configuration 
information  provided,  the  CADCs  independently  com¬ 
puted  a  “standardized  AOA”  (a,). 

'Die  term  “standardized  AOA"  was  a  signal 
processed  by  the  SIS/SEF  control  laws  to  provide  a 
means  to  standardize  the.  AOA  of  the  AOA  feedback  sig¬ 
nal  to  account  for  line  changing  stability  limitations  with 
varying  wing  sweep  configuration  and  flight  condition. 
Thus,  regardless  of  aircraft  configuration,  the  ««  signal 
had  a  value  of  1 .0  at  the  corresponding  SIS  or  SEF 
AOA  limit  and  a  value  of  0.0  at  zero  lift.  This  is  il¬ 
lustrated  in  Figure  4  for  SIS  a*.  Stall  warning  SIS-OFF 
was  0.8  a*  and  for  SIS  or  SEF  ON  it  was  0.95  ot. 

In  order  to  compute  or,,  the  CADCs  each  stored 
AOA  limits  for  both  the  SIS  and  SEF  envelopes  and 
used  the  values  corresponding  to  the  position  of  the 
three-position  SIS/SHF  select  switch  located  in  0k  cock¬ 
pit.  With  die  switch  in  the  SIS-OFF  or  SIS-ON  position, 
SIS  AOA  limits  were  used  itt  the  computations.  With 
One  switch  in  die  SEF-ON  position,  die  SEF  limit  was 
used  in  die  computations.  The  CADCs  also  calculated 
Hie  onset  of  proportional  feedback  in  the  SIS/SEF  by 
use  of  the  osse  parameter.  The  onset  for  proportional 
Feedback  was  designed  to  occur  at  the  same  true  AOA 
independent  of  she  SIS/SEF  mode  selected.  This  AOA 
was  approximately  equal  to  60  percent  of  die  SIS  AOA 
envelope.  Proportional  feedback  gain  tK.sioo  was  also 
computed  by  both  CADCs  and  was  a  function  of  wing 
sweep,  eg,  and  dynamic  pressure,  and  is  presented  in 
Figure  5. 

'Hie  SIS/SHF  system  functioned  through  three 
primary  control  paths: 

I  Proportional  stability  path. 


2.  Mechanical  pitch  stick  cancellation,  and 

3.  Electrical  pitch  stick  cancellation. 

Figure  6  shows  the  SIS/SEF  control  patlis  and  the 
interfaces  with  the  CADC  and  SCAS.  The  mechanical 
cancellation  path  was  from  the  pitch  stick  position  (xe) 
to  SHs!S(M).  The  electrical  cancellation  path  was  from 
x»  to  "SIS/SEF,”  and  the  proportional  stability  path  was 
from  a,  (from  the  CADC)  to  “SIS/SEF.” 

The  proportional  stability  path  utilized  die  ot«  sig¬ 
nal  calculated  by  the  CADCs  to  provide  increased 
apparent  stability  and  AOA  limiting  by  feeding  back 
pitch  dov/n  commands  to  the  SCAS  servo  in  response  to 
increased  changes  in  AOA;  independent  of  pitch  stick 
position.  *  itially,  the  a»  signal  from  the  CADC  was 
enhanced  by  a  term  that  was  proportional  to  the  rate  of 
change  of  a*  and  was  referred  to  as  o£.  Then,  the  bias 
Osse  (computed  from  the  CADC)  was  summed  with 
a*  to  provide  the  onset  for  SIS/SEF  proportional  feed¬ 
back  to  become  active.  The  biased  oC  was  then  multi¬ 
plied  by  the  stability  enhancement  nonlinear  gain  (see 
Figure  7)  that  was  proportional  to  the  a*  magnitude. 
This  gain  was  a  four  slope  function  that  provided  higher 
gain  £.s  o£  increased.  Thus,  as  the  AOA  increased  above 
the  onset,  additional  gain  compensated  for  the  inherent 
decrease  in  stability  as  (lie  aircraft  approached  "re1  ex¬ 
ceeded  neutral  stability.  Pitch  rate  damping  was 
provided  for  wing  sweeps  between  22  and  63  degrees 
(see  Figure  8)  via  the  pitch  rale  feedback  path.  Finally, 
the  proportional  stability  path  was  gain-conditioned  or 
tailored  to  the  particular  aircraft  configuration  with  the 
Ksef  value  to  produce  the  net  proportional  feedback 
gain  for  “artificial”  or  “apparent”  stability,  i.e., 
Chl^-Cw.  +  K^ 

(where  represents  the  net  proportional  feedback 

gain).  Thus,  the  proportional  control  path  provided  the 
aircraft  with  apparent  stability  when  flying  in  a  neutral 
or  unstable  region. 

Providing  additional  safety  from  departure  were 
two  more  control  patlis  which  could  potentially  add  to 
tlie  overall  ‘‘SIS/SEF’  pitch  down  command  signal  of 
the  proportional  stability  path.  These  control  paths  were 
tixe  integrator  and  tltc  savior  paths.  They  were  designed 
to  prevent  excessive  AOA  excursions  above  the 
SIS/SEF  limits  if  abrupt  pilot  inputs  or  atmospheric  tur¬ 
bulence  cause  the  AOA  to  increase.  Hie  integrator  path 
(labeled  “SIS  INTEO”  in  Figure  b)  provided  H  I) 

stabilator  command  whenever  1,05  fit  was  exceeded. 
This  loop  could  provide  TED  command  wilh  a  late  of 
up  to  4  degrees  per  second  (see  Figure  9)  with  a  maxi 
mum  command  of  10  degrees.  Once  was  decreased 
below  0.95,  the  integrator  synchronizer  would  fade  the 
integration  signal  as  a  10  second  time  constant.  The 
savior  path  (labeled  “SAV”  in  Figure  6)  served  as  the 
final  TED  command  path  whenever  at  exceeded  i  5. 
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This  path  provided  a  direct  feedback  of  up  to  a  maxi¬ 
mum  of  4  degrees  TED  s tabulator  coniniaiKt  (see  Figure 
10). 

The  mechanical  stick  cancellation  path  was 
designed  to  restrict  TEL)  sta'rilator  command  authority 
by  aft  pitch  .'tick  inputs.  Cancellation  was  provided  for 
aft  stick  positions  greater  than  1.25  inches  by  means  of  a 
four  slope  function  (see  Figure  1 1 )  'Ibis  cancellation 
function  attempted  to  model  the  slopes  of  the  nonlinear 
gearing  curve  with  an  offset  provided  to  aliow  for  a 
reduced  mechanical  command  signal  to  pass  to  the  pitch 
SCAS  servos.  Similarly,  the  electrical  stick  cancellation 
path  provided  a  TED  stabilator  command  which  was 
equal  to  25  percent  of  the  electrical  SCAS  pitchup  com¬ 
mand  (see  Figure  12)  for  all  AO  As  below  0.95  ai. 

Working  in  concert  with  the  two  stick  cancella¬ 
tion  paths  was  the  AOA  command  limiter  (see  Figure 
13).  The  function  of  the  command  limiter  coupling  with 
the  stick  cancellation  paths  was  to  provide  100  percent 
electrical  aft  stick  cancellation  and  approximately  90 
percent  mechanical  aft  stick  cancellation  when  the  AOa 

exceeded  0.95  a**  (in  other  words,  above  stall  warning), 
The  remaining  10  percent  mechanical  command 
authority  was  provided  so  that  the  AOA  limit  could  tie 
achieved  under  a  limited  maneuvering  margin,  although 
aft  pitch  stick  force  gradients  would  be  increased 
beyond  stall  warning.  This  increase  in  Ditch  stick  cancel¬ 
lation  was  accomplished  by  means  of  an  integrator 
(A  1 31  in  Figure  1 3 )  that  followed  tite  pitch  stick  dis¬ 
placement.  Pitch  stick  command  signals  from  the  SCAS 
were  sent  to  this  integrator  via  an  integration  loop  where 
stick  error  signals  (the  difference  between  XeuMrr  and 
A 131)  were  driven  io  zero  below  0.95  a«,  resulting  in  no 
cancellation  contribution  (MEAHL  and  ELAHL  =  0) 
from  tiie  AOA  command  limiter  going  to  the  SCAS 
serve  with  switch  A13  (SWA13)  in  the  closed  position 
(state  i  .0).  However,  when  a«  was  greater  than  or  equal 
to  0.95,  SWA13  would  move  to  the  open  position  (state 
0.0)  at  which  moment  the  integrator  value  freezes.  This 
frozen  state  of  die  integrator  value  when  SWA  1 3 
clmnged  to  die  open  position  was  referred  to  as  the  point 
at  which  tine  command  limiter  became  “latched.”  In  this 
state,  a  pitch  slick  error  signal  was  calculated  baser! 
upon  »he  difference  between  die  current  stick  position 
and  the  stick  position  required  to  achieve  0.95  a,*.  Any 
additional  aft  stick  commands  then  resulted  in  the  error 
signal  bring  sent  to  two  control  paths:  the  mechanical 
stick  cancellation  path  (MEAHL)  and  the  electrical  stick 
cancellation  path  (ELAHL).  In  the  ELAHL  path,  the 
stick  error  signal  was  conditioned  with  a  stick-to-t.iii 
cancellation  gain  of  0.75,  with  a  net  result  of  100  per¬ 
cent  electrical  stick  cancellation  when  combined  with 
the  initial  0.25  cancellation  gain  of  Hie  electrical  stick 
cancellation  path  In  tite  MEAHL  path,  tlte  stick  error 
signal  was  conditioned  with  a  gain  of  0.7  degree 
■itabiiator/in.  ii  of  aft  stick,  resulting  in  an  additional  70 

percent  mechanical  stick  cancellation  above  0.95  «»  To 
"unlatch”  the  AOA  command  liniitci  or  to  return 


SWA  13  to  the  closed  position,  two  conditions  must  lie 
satisfied: 

1 .  AOA  must  be  decreased  „uch  that  the  <£  is 
below  0.95. 

2.  Pitch  stick  command  must  be  returned  within 
0.75  inch  of  the  position  where  the  system 
originally  became  "latclied.” 

The  0.75  inch  stick  position  bias  was  an  outcome 
of  a  simulator  evaluation  to  provide  acceptable  SIS/SEF 
system  performance  during  inflight  encounters  with  tur¬ 
bulence. 

The  «  of  ail  SIS/SEF  control  paths,  excluding 
the  mechanical  cancellation  command,  were  gain 
scheduled  with  Mach  number  and  altitude  in  the  pitch 
SCAS  exactly  as  the  original  pitch  SCAS  feedback  sig¬ 
nals  (see  Figure  6).  This  command  was  then  summed 
with  the  mechanical  cancellation  command.  The  total 
signal  was  transmitted  to  the  pitch  SCAS  servos  and  sub¬ 
sequently  to  the  horizontal  stabilator  actuators.  The 
pitch  SCAS  servos  were  limited  in  command  authority 
to  +  296  degrees. 

FLIGHT  TEST  AND  EVALUATION 
Test  Plan  Approach 

The  complexity  of  SIS/SEF,  coupled  with  the 
number  of  aircraft  configuration  combinations  (i.e., 
wing  sweeps  from  1 5  to  67  degrees  are!  a  eg  range  from 
10  to  48  percent  MAC),  made  the  flight  test  program  a 
difficult  and  lengthy  one.  Aircraft  configurations  were 
limited  to  previously  determined  optimized  wing 
sweeps  of  15,  20,  25,  55,  and  67  CR  with  takeoff, 
approach  and  landing  done  only  at  15  and  20  PA  for  a 
total  of  seven  different  configurations.  For  each  wing 
sweep,  eg s  were  tested  at  the  nominal  or  “target”  eg, 
arxl  the  forward  and  aft  eg  limits.  No  spin  recover)’ 
device  was  practical  on  an  aircraft  tire  size  of  the  B  I , 
therefore  flight  testing  was  performed  in  a  very  conser¬ 
vative  build-up  manner 

Since  the  test  aircraft  was  used  for  radar  avionics 
and  terrain-following  testing  as  well  as  for  SIS/SEF 
flying  qualities  evaluation,  a  noseboom  for  measure¬ 
ment  of  AOA  could  not  be  installed,  although  desirable 
for  high  AOA  testing.  So,  the  production  pitot  static  sys¬ 
tem,  which  detennined  AOA  from  pressure  differentials 
on  the  pitot-static  probes,  was  employed. 

Prior  to  first  flight,  the  SIS/SEF  system  was 
evaluated  on  a  pilot  in-Site-loop  simulator  by  a  panel  of 
five  test  pilots  to  determine  its  readiness  for  flight.  Also, 
the  simulator  evaluation  was  invaluable  lor  failure-stale 
analysis,  and  prediction  of  system  performance  and  limit¬ 
ing  characteristics.  Fditheimore,  the  SIS/SEF  system’s 
success  in  markedly  improving  flying  qualities  and 
aircraft  capabilities  over  die  original  St  AS- only  (i.e  , 


SIS-OFP)  B-1B  flight  control  sy  tem  was  attributed,  in 
large  part,  to  detailed  analyses  and  evaluations  that  were 
performed  on  the  simulator  before  and  during  flight  test. 

Testing  was  accomplished  throughout  the  B-SB 
flight  envelope  covering  literally  thousands  of  test 
points  with  speeds  ranging  from  the  minimum  airspeed 
based  on  the  angle-of- attack  (AOA)  limit,  to  1.2  Mach 
number,  and  with  altitudes  front  2,500  to  27, 000  feet 
pressure  altitude.  Structural  load  factor  limitations  went 
3  gs  for  die  67  CR  configuration,  and  2  gs  for  all  other 
configurations.  Testing  emphasized  the  slow  speed  and 
high  AO  A/Nz  side  of  the  envelope  and  included  level  ac¬ 
celerations  and  decelerations;  windup  turns;  straight 
pull-ups/jpush-ovcrs,  bank-to-bank  rolls;  steady-heading 
sideslips;  pitch,  roll  and  yaw  doublets;  speed  brake  ex¬ 
tensions  (which  changed  the  stability );  wing  sweep 
reconfigurations;  takeoffs  arid  landings;  aerial  refueling 
tanker  boom  tracking  and  refueling  up  to  maximum 
gross  weight;  and  automatic  terrain  following. 

Of  primary  interest  and  of  final  proof  of  the 
SIS/SEF system’s  capability,  were  the  maneuvers 
designed  to  test  the  system  AOA  limiting  charac¬ 
teristics.  These  consisted  of  1-g,  constant  altitude 
decelerations  and  constant  macb  or  airspeed  windup 
turns  to  lire  AOA  limits  at  wliich  point  the  aircraft  was 
stabilized  and  abrupt  step  pitch  stick  inputs  were  applied 
by  approximately  1  inch  and  held  constant.  The  purpose 
was  to  evaluate  the  capability  of  SIS/SEF  to  limit  AOA 
to  an  abusive  control  input, 

In  the  interest  of  safety  and  the  fact  (hat  aircraft 
departure  from  controlled  flight  could  not  be  tolerated,  a 
build  n  approach  was  taken  in  testing  the  system  limit¬ 
ing  pe  nuance.  In  addition,  all  test  points  were 
preflown  in  a  pilot-in-lhe-loop  simulator  to  provide  pilot 
familiarization,  as  well  as  predictions  of  aircraft 
response.  Initially,  limiting  (via  step  inputs)  was 
evaluated  with  SIS-ON  at  rite  SIS  AOA  limits  across  the 
B  I B  envelope,  since  previous  B-l  testing  (References 
2  and  3)  liad  expanded  the  AOA  envelope  to  those 
limits.  However,  SEF-ON  testing  constituted  the  first 
time  (lie  B-1B  AOA  envelope  was  to  expand  beyond 
neutral  stability.  Therefore,  rather  then  proceeding 
directly  to  rite  SEF  limit,  the  AOA  was  increased  in  1- 
degree  increments  with  data  analysis  performed  be¬ 
tween  flights  before  progressing  to  the  next  increment 
or  SEF  limit.  If  the  data  analysis  was  within  prediction 
and  rite  handling  qualities  were  acceptable  at  the  SEF 
limits,  then  tire  test  points  were  cleared  for  step  inputs  to 
evaluated  AOA  limiting  with  SEF-ON. 


which  applied  only  to  die  maneuvers  with  a  I  -inch  pitch 
step  input  to  evaluating  limiting  characteristics.  Test 
points  were  performed  at  target  eg  prior  to  forward  eg, 
and  then  forward  eg  prior  to  aft  eg.  For  each  test  condi¬ 
tion,  1-g  deeds  were  accomplished  first,  followed  by 
windup  turns. 

Table  2 

TERMINATION  CRITERIA 
I The  maneuver  was  tenninated  for:  i 


1 .  A  rapid  change  in  the  -  -  ---  gradient. 

A« 


2.  Horizontal  stabilator  equal  to  3  degrees  TED 
(this  provided  7  degrees  of  remaining  TED  com¬ 
mand  authority). 

3.  Stabilator  SCAS  servo  equal  to  0,9  inch  TED 
(tliis  was  50  percent  of  the  maximum  ser  o  travel). 

4.  A  difference  of  2  or  more  degrees  of  horizontal  tail 
between  flight  test  and  predicted  data. 

Flying  Qualities  Results 

Longitudinal  speed  stability  was  positive 
throughout  the  B-l B  envelope;  however,  the  degree  of 
stability  varied  among  tlie  wing  sweeps  and  configura¬ 
tions.  The  1 5  and  20  PA,  and  55  CR  configurations 
provided  satisfactory  speed  stability;  15,  20,  and  25  CR 
provided  light  but  satisfactory  speed  stability;  and  the 
67  CR  configuration  provided  satisfactory  speed 
stability  below  stall  warning,  but  did  not  demonstrate 
the  desired  increase  in  stick  force  gradients  beyond  stall 
wanting  as  per  design  requirements.  Overall,  lon¬ 
gitudinal  speed  stability  was  found  to  be  acceptable. 

Longitudinal  maneuvering  stability  was  also  po-.i- 
tive  throughout  the  B-  IB  envelope  with  SIS/SEF  sig¬ 
nificantly  improving  stick  force  per  g  flying 
characteristics.  However,  as  in  longitudinal  speed 
stability,  67  CR  provided  no  apparent  increase  in  stick 
force  gradients  beyond  stall  warning.  Tlte  SIS/SF.F  sys¬ 
tem  eliminated  all  characteristics  of  zero  pitch  stick 
force  gradients  or  control  reversals  as  identified  in  pre¬ 
vious  3- 1 A  testing.  The  significance  of  tliis  Is  illustrated 
in  Figure  14  which  shows  a  comparison  of  stick  force 
per  g  with  and  without  SIS/SEF  capability  for  the  same 
55  CR  windup  turn  maneuver  performed  at  similar  test 
conditons. 


Since  a  departure  could  not  be  tolerated  for  ob¬ 
vious  reasons,  the  termination  criteria  specified  in  Table 
2  was  critical.  Tlte  primary  means  in  the  control  room 
used  to  call  termination  or  continuation  of  tie  maneuver 
was  tlie  horizontal  stabilator  versus  AOA  cross  plot  com¬ 
pared  real  time  with  a  plot  of  the  same  maneuver  from 
pilot  simulation.  There  were  also  specification  require 
intents  of  not  exceeding  1.5  rfcgrees  AOA  overshoot 


Angle-of- Attack  Limiting  Characteristics 

The  SIS/SEF  system  provided  improved  depar¬ 
ture  resistance  and  provided  adequate  AOA  limiting  at 
most  ftigrst  conditions  for  pitch  si'dk  step  inputs  applied 
at  rite  AOA  limit,  Figure  15  illustrates  tlte  desired  time 
history  response  to  a  step  input,  an  AOA  ovenrivoot  less 
than  1.5  degrees  which  was  well  damped  returning  rite 


aircraft  back  to  the  AOA  limit  with  no  oscillatory'  or 
secondary  undershoot  behavior.  Generally,  the  AOA 
response  for  all  step  inputs  tevSted  was  damped  within 
one  cycle. 

AOA  limiting  characteristics  in  tlie  SEF  mode 
were  not  acceptable  throughout  the  67  OR  flight  en¬ 
velope.  The  short  term  solution  was  to  add  restrictions 
to  the  B- IB  Flight  Manual  for  67  OR  flight.  However, 
this  solution  was  unsatisfactory  for  the  long  term  and  it 
was  recommended  that  the  SEF  mode  of  the  SIS/SEF 
system  should  be  modified,  in  order  to  provide  a  suffi¬ 
cient  level  f  departure  resistance  in  the  67  CR  configu¬ 
ration.  Limiting  was  unsatisfactory  for  67  CR  at  18,000 
and  22,000  feet  pressure  altitude  due  to  excessive  AOA 
overshoots  on  tiie  order  of  2.5  to  3.5  degrees  above  the 
SEF  limit.  Limiting  was  not  tested  for  67  CR  at  aft  eg, 
0.85  Mach  number,  8,000  and  15,000  feet  because  ex¬ 
cessive  pitch  oscillatioas  occurred  above  stall  warning. 
These  cares  were  indicative  or  the  SIS/SEF  gains  being 
too  high. 

Limiting  testing  revealed  that  SIS/SEF  AOA.  limit¬ 
ing  could  be  defeated  if  aggressive  pilot  inputs  (i.e., 
large  or  abrupt  aft  pitch  stick  inputs)  we.e  commanded 
just  below  stall  wanting  since  the  AOA  command 
limiter  did  not  become  activated  or  “latched”  until 
0.95  cr«,  as  discussed  previously  in  the  SIS/SEF  Descrip¬ 
tion  Section.  As  a  resi.u  it  wzs  possible  dial  abrupt  stick 
inputs  at  AOAs  below  stall  warning  could  cause  exces¬ 
sively  high  AOA  excursions  because  the  input  would  go 
to  tire  horizontal  stabilator  only  partially  cancelled 
before  (lie  aircraft  AOA  had  increased  enough  to  cause 
the  command  limiter  to  "latch”  (SWA  13  changing  to  the 
open  position).  Aircraft  responses  to  step  inputs  below 
stall  warning  were  unsatisfactory  since  it  was  possible 
to  reach  a  high  AOA  (as  shown  in  Figure  16  wire  re  the 
AOA  readied  2.5  degrees  above  the  AOA  limit)  before 
the  command  limiter  could  react  and  provide  additional 
cancellation  of  the  input.  For  normal  pilot  inputs  litis 
was  not  a  problem,  but  was  a  problem  for  aggressive  or 
abrupt  inputs.  This  was  not  unique  to  any  one  wing 
sweep  or  flight  condition  and  requires  iurtlter  investiga¬ 
tion. 

A  related  area  o(  concern  for  the  command  limiter 
was  tire  degraded  handling  qualities  or  secondary  un 
commanded  pitchup  during  certain  pitch  maneuvering 
near  the  AOA  limit.  Figure  17  shows  a  time  history 
rcsprni.se  to  a  small  step  input  (approximately  O  5  inch) 
that  increased  AOA  above  1.05  <u  causing  die  in 
iegrator  path  to  become  active  and  reducing  die  AOA 
below  stall  warning.  This,  in  turn,  resulted  in  the  AOA 
command  lisnitei  becoming  “unlatched”  without  a 
change  in  stick  position  (stick  position  was  held  con 
slant  following  (Ik*  step  input ),  sending  a  pitchm  om 
nmnd  transient  to  (lie  hoTi/oofal  stabilator  causing  a 
secondary  AOA  overshoot  As  mentioned  .in  (tie 
SIS/SEF  Description  Section,  is*,  onler  to  "unlatch’  tin* 
command  limiter  ( ( )  live  pitch  stick  must  lx*  wit*  in  0.  IS 


inch  of  the  position  at  which  (xl  exceeded  0.95,  and  (2) 
o£  must  be  below  0.95.  If,  however,  after  the  AOA  had 
exceeded  0.95  c£,  the  pitch  stick  was  moved  furtlier  aft, 
but  less  than  0.75  inch  from  the  position  where  it  or- 
ginaily  became  “latched”  and  the  AO  A  subsequently 
dropped  below  0.95  a**,  the  command  limiter  will  “un¬ 
latch”  since  both  conditions  to  “unlatch"  were  satisfied. 
The  stick  error  signal  (difference  b*  een  XeLlMrr  and 
A 131)  was  seen  by  the  SIS/SEF  system  as  a  momentary 
decrease  in  stick  cancellation,  resulting  in  a  pitchup 
command  to  the  stabilator  until  tfie  stick  error  signal 
was  again  driven  to  zero.  Tlie  maximum  pitchup  tran¬ 
sient  would  be  the  equivalent  of  0.75  inch  of  pitch  stick 
command. 

Hiis  “unlatch”  characteristic  could  also  occur 
while  flying  in  turbulence  near  the  AOA  limit  as  shown 
in  Figure  18.  In  this  case,  the  command  limiter  became 
“latched”  at  stall  warning  while  tlie  pilot  continued  ap¬ 
plying  slightly  more  aft  stick  (but  less  than  0.75  inch)  to 
stabilize  the  aircraft  at  the  AOA  limit.  However,  before 
tlie  pilot  could  stabilize  at  tlie  limit,  tlie  aircraft  ex¬ 
perienced  a  momentary  pitch  down  gust  causing  the 
command  limiter  to  "unlatch”  resulting  in  a  pitchup 
command  transient  to  the  stabilator.  Subsequently,  the 
resulting  AOA  overshoot  was  large  enough  to  activate 
the  integrator  path  to  pilch  the  aircraft  down  a  second 
time  Obviously,  this  characteristic  would  become  even 
more  pronounced  if  (he  pilot  applied  abrupt  or  large  aft 
stick  inputs  just  below  stall  warning  to  counter  a  sudden 
pitch  down  gust. 

Test  Technique  (Operational  Maneuver) 

In  response  to  (he  concern  of  aggressive  pitch 
stick  inputs  be  tall  wanting,  an  operational 
maneuver  was  c  ;sed  to  investigate  wliether  problem 
areas  existed  that  had  not  surfaced  during  (lie  use  of 
standard  testing  techniques.  Tlie  AOA  limiting  charac¬ 
teristics  of  the  system  were  evaluated  by  applying  a 
1 -inch  pitch  step  input  held  constant  after  tlie  aircraft 
hail  Ireen  stabilized  at  tin*  AOA  limit.  .System  response 
with  AOA  overshoots  and  oscillations  was  evaluated  to 
determine  system  specification  compliance,  ’litis  ap¬ 
proach  took  advantage  o)  design  features  of  the  limiter 
and  was  not  tlie  most  likely  scenario  to  Ik*  used  by  tlie 
operational  command.  Thus,  (tie  objective  of  (fie  opera¬ 
tional  maneuver  was  to  evaluate  lit;  effectiveness  of 
stall  warning  scheduling  and  to  have  die  pilot  assault  rise 
AOA  limiting  features  of  SIS/SEF  by  commanding 
pitch  inputs  slightly  byiysy  stall  wanting. 

Test  conditions  were  selected  for  each  of  tfre  wing 
sweep  configurations  am!  wen  ’lowii  at  ft**  correspond 
iug  nominal  mission  flight  condition  and  payloads 
Testing  was  accomplished  initially  b>  jrerforming  ;t 
level  tutu  and  stabilizing  Ok*  aircraft  at  an  At  >A  just 
below  stall  warning.  Once  stabilized,  (lie  pilot  rolled 
aggressively  to  wings  level  and  then  pci  formed  a  [rollup 
maneuver  to  f-ctwee.n  1(1  and  20  degrees  rd  pitch 
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altitude.  During  the  pullup  maneuver,  the  pilot  was  to  be 
aggressive  with  the  system  but  to  always  adhere  to  stall 
warning 

Pilot  comments  indicated  that  for  both  SIS  and 
SEF,  and  the  forward  wing  sweeps  (15  CR,  15  PA,  20 
CR,  20  PA  and  25  CR),  only  small  maneuver  margins 
existed  below'  stall  warning.  However,  no  large  over¬ 
shoots  occurred  as  long  as  stall  wanting  was  observed 
and  the  aircraft  was  controllable.  For  the  aft  wing 
sweeps  (55  and  67  CR)  at  the  nominal  flight  conditions 
flown,  stall  wanting  could  not  be  achieved  without  ex¬ 
ceeding  the  structural  limits  of  the  aircraft  .and  no  prob¬ 
lem  areas  were  noted. 

CONCLUSIONS 

Overall,  the  B-iB  flight  control  system  modified 
with  the  Stall  Inhibitor  System/Stability  Enhancement 
Function  system  provided  acceptable  flying  qualities 
throughout  most  of  the  B-IB  operational  envelope.  The 
S1S/SEF  system  produced  a  marked  improvement  in 
flying  qualities  and  aircraft  capabilities  over  tire  original 
SCAS-oniy  (i.e.,  SIS-OFF)  B-iB  PCS.  The  SiS/SEF sys¬ 
tem  provided  a  significant  increase  in  operational 
capabilities,  ’which  have  been  constrained  by  stability 
limitations  rather  titan  lift  limitations.  Tins  improved 
system  provided  sufficient  apparent  stability  and  depar 
lute  resistance  to  fly  safely  near  maximum  lift.  Tlie  addi¬ 
tion  of  SIS/SEF  also  provided  an  increase  in  the  use  of 
(lie  operational  AOA  envelope  (stall  warning  envelope) 
from  0.80  cu  with  SIS-OFF,  to  0.95  cx,  with  SIS-  or 
SEF-ON.  With  die  increased  AOA  envelope  provided 
by  SIS/SEF,  two  areas  of  improved  aircraft  capability 
were  tlte  B  IB's  abilities  to  aerial  refuel  and  to  terrain 
follow  at  gross  weights  up  to  1 00,000  pounds  heavier 
over  the  original  SCAS  only  (i.e.,  SIS-OFF)  H-IB  Ft'S 
(see  Figures  19  and  20). 

Hr*  modified  B  I B  K’S,  with  SIS  engaged, 
provided  acceptable  flying  qualities  including  adequate 
stick  force  cues  lor  positive  s[K*ed  stability,  positive 
maneuvering  stability,  and  departure  resistance 
throughout  most  ol  (he  H  IB  stable  At  )A  enveh>[K*  The 
SEF  mode  also  piovided  tin*  same  acceptable  speed 
stability,  maneuvering  stability,  and  depaittm*  resistance 
thionghont  Ifn-  expijided  AOA  envelope  (lull  operation 
al  envelope)  for  ail  wing  sweeps  and  eonfigu’ations 
tested,  except  07  OR  besting  at  67  <  R  revealed  unsatis 
factory  AOA  limiting  at  Or-  SHF  AOA  liimi  at  altitudes 
greater  than  I5,(MKI  fi’et  due  so  excessive  At  1 A  met 
shoots  (greater  than  2  degrees  for  a<!  stick  step  inputs) 

In  addition,  At  )A  lunitmg  was  untested  at  67  t  R  at  al 
think's  less  than  IS, 000  (cot  at  alt  eg  d(K‘  <6  im  illaioty 
behavior  above  stall  wanting.  Testing  had  revealed  that 
SIS/SFF  was  not  a  lon.'pionf  svtem  and  that  its  ability  to 
hiuit  AOA  could  ts:  deleaied  il  aggressive  pilot  mjwits 
tie.  large  or  abrupt  ait  pile  li  stick  inputs )  were  coni 
m  inded  just  below  stall  warning  Hie  response  to  llro.se 
inputs  as  a  >  ■suit  of  tin-  "Sntcii/rmiak h"  characteristics  of 
ilse  AOA  comma'*!  limiter  was  a  large  overshoot  in 


AOA  will#  a  possible  departure  from  controlled  flight  if 
stall  wanting  was  not  observed.  This  was  not  unique  to 
any  one  wing  sweep  or  flight  condition  and  will  require 
crew  training  to  ensure  B-  IB  pilots  are  aware  of  these 
characteristics. 

Longitudinal  stability  ‘imitation  is  a  potential 
problem  that  exists  with  highly  mission  specialized 
aircraft  such  as  the  U.S.  F-l  1 1  fighter  and  B-IB  bomber 
because  of  basic  aerodynamic  design.  Futftermore,  it  can 
be  compounded  or  made  even  more  pronounced  by  new 
mission  or  growth  requirements  as  evident  in  this  paper. 
SIS/SEF  systems  will  always  tx*  needed,  but  should  be 
incorporated  into  the  initial  flight  control  system  design. 
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Figure  7  Stability  Enhancement  Nonlinear  Gain 
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Figure  15  Step  Input 


cxe :  Represents  secondary  overshoot  due  to  unlatching  and  large  undershoots  due  to  high-integrator  output 

Figure  17  Step  Input  -  20  CR 


□ts  un  commanded  pitchup  transient  due  to  unlatching  while  flying  in  turbulence. 


B- IB  TERRAIN  FOLLOWING  ENVELOPE 
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Figure  19  Aerial  Refueling  Benefit  With  and  Without  SIS/SEF 
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ABSTRACT 

An  overview  of  the  X-29  Forward  Swept  Wing 
Technology  Demonstrator  trsces  lte  development  and 
test  path  during  the  past  6  years.  Brief 
descriptions  of  the  aircraft  and  Its  flight 
control  system  provide  insight  for  evaluating  this 
unique  vehicle.  The  baseline  flight  control 
sys ♦'fete  provi  ded  a  starting  point  for.  safe  concept 
evaluation  and  envelope  expansion  lor  the 
aircraft.  Subsequent  up-dates  resulted  in 
performance  levels  favorably  comparable  to  current: 
fighter  aircraft.  Efforts  are  described  for  the 
current  expansion  of  th*  X~29*s  capabi lit ies , into 
the  high  angle-of-at tack  (AOA)  regime  of  flight. 
Control  law  changes  have  permitted  all  axis 
maneuvering  to  40  degrees  AOA  with  pitch 
excursions  to  66  degrees,  thereby  exploiting  the 
full  potential  of  the  X-29  forward  swept  wing 
configuration . 


Rogers  F.Smith 

NASA  Arnos  Dryden  Research  1- acuity 
lulwarils  (/A 
United  States 

Ship  #2,  which  was  modified  to  allow  high  AOA 
testing,  began  flying  ir  May  1989.  Ttn  spin  chute 
wan  designed  to  assist  uhn  pilot  in  regaining 
control,  in  the  ..vent:  of  a  -par tore  from 
controlled  flight  Control  preface  tutorial 
lights  mounted  in  the  nekpit  assist  in  this  task. 
The  flight  control  system  software  was 
a igiiificapt.lv  modified  in  order  to  best  utilize 
the  various  surfaces  in  con  troll  tes;  the  aircraft 
*  a  post-stall  environment:.  One  g  envelope 
e  pars  ion  irt  complete  to  66  degrees  AOA  and  10 
degrees  ..  ‘.deslip.  Accel*. Laced  entry  high  AOA 
expansion  is  ?■=  under  way.  Once  the  aircraft  is 
cleared  for  full  envelope  maneuver i i.g  it  will  be 
used  .o  *nons ■: » .... ■»  the  i/.llitary  utility  and 
agility  or  a  forward  swept  wing  vehicle  operating 
in  a  high  AOA  regime. 


AIRCRAFT  AND  FLIGHT  CONTROL  SYSTEM  DESCRIPTION 


INTRODUCTION 

Agility,,  maneuverability ,  Integration:  key 
words  used  < o  describe  the  successful  development 
of  the  X-29  Forward  Swept  Wing  Technology 
Demonstrator. 

The  X-29  integrates  several  different 
technologies  into  one  airframe  as  depicted  in 
Figure  1.  The  aeroelast  leal*.  /  tailored  composite 
wing  covers  cause  the  forward  swept  wing  to  twist 
as  it  deflects,  successfully  delaying  wing 
divergence.  The  thin  supercritical  airfoil, 
coupled  with  the  discrete  variable  camber  produced 
by  the  double -hinged  full  span  flaperons,  provide 
optimum  wing  performance  at  all  flight  conditions. 
The  aircraft  Inherit.**  its  16  percent  static 
instability  (time  to  double  amplitude  of  about 
0.16  seconds)  from  the  close-coupled,  variable 
incidence  canard.  Without  it  the  wlng-bodv 
combination  is  near-neutral ly  stable.  The  canard, 
which  has  an  area  about  20  percent  of  the  wing 
area,  produces  lift  and  its  downwash  delays  flow 
separation  at  the  wing  root.  The  three-surf ace 
pitch  control- — the  canard,  flaperon,  and  fit  rake 
flap  —  ie  used  by  the  digital  rly-by-wire  flight 
louirol  system  to  control  an  otherwise  unflyable 
unstable  vehicle.  The  .success-  of  the  X-29  really 
rests  with  the  integration  of  these  technologies 
into  a  single  synergistic  *  on i  i gu r a t  i on  built  f  or 
dt  ig  '  r.!:  i  1  Ion  in  turning  t  light  . 

1'wo  X-29  a  l  matt  were  designed  and  bu  I  It  . 

The  t  irrt  entered  flight  testing  in  December  1984 
and  coir  i  ruled  in  December  1988,  completing  .'42 
r  Mghts  ans  over  200  t  light  hours.  The  primary 
<>!..{  ec  t  .}  ve  of  Ship  #1  testing  was  to  validate, 
evaluate  and  quantify  the  heneiifH  ot  the 
♦  echuo  ,  \.  g  '  es  on  boat'd,  hath  Individually  and 
i  i'  I  lee  r  1  ve  1  y  . 

’!  he  f  I  r  rtf  *  oj  Ship  III  ter- 1  lug  were 

pt  i  t-.hit  v  I  y  dedicated  to  altitude  and  Mach  Number  Ig 
en\i-‘  ue  Cajuns  ton  .  IV r l  ot  mane e  testing  followed 
f  he  (-MU'clap*-  «.-,•  {». ms  !.mi  and  was  «.  > snip  1  e t  *.  d  ‘  n 
D«;  end*  f  ?9H/,  Drag  reduet  fori  during  it.-uueuvet  I  o& 
exceeded  design  goals  bv  about  IS  percent 
MiUt.Mi  jr.i  !  !  .  Finally.  Ship  #  1  t  eating  piovin-  -1 

I;'  it;  .?  handling  qualities*,  mill  (.ary 


Two  essentially  identical  X--29s  were  designed 
and  built  by  Grumman  Aerospace  Corporation, 
Bethpage,  New  York  (Reference  i).  To  reduce 
overall  program  costs,  the  Air  Force  supplied 
several  major  components  of  the  aircraft  to 
Grumman.  These  included  the  F-5A  forebody  and 
nosegear;  F-16  main  gear,  actuators, 
airframe-mounted  accessory  drive  and  emergency 
power  unit;  F-18  F404  engine;  SR-71  HDP5301 
flight  control  computers;  and  F--14  accelerometers 
and  rate  gyros.  Use  of  these  time-proven 
components  also  increased  the  reliability  of  the 
flight  vehicle. 

The  X-29  flight  control  system  (FCS)  is  a 
triplex  digital  fly-by-wire  system  with  triplex 
analog  back-up  (as  shown  in  Figure  2).  The 
fn  i  1  -op/fa i  1-saf  e  system  usi  d  Ml i.-F-878r»C  and 
MIL-F--9490D  spec  i  f  icat  ions  as  design  guides. 

Flying  quality  design  goals  were  Level  T  for  the 
primary  digital  mode  and  Level  Tt  for  the  analog 
back-up  mode. 

Normal  aircraft  operation  is  accomplished 
th rough  the  normal  digital  (ND)  mode  with  its 
associated  functional  options  such  as  automatic 
camber  control  (ACC),  manual  camber  control  (MCC) , 
speed  stability,  precision  approach  control  (FAC) 
and  direct  electrical  link  (DLL).  Nl)  also 
contains  options  In  Its  gain  tables  for  power 
approach  (FA),  up--. uni  •  awav  (DA),  and  degraded 
ope  rat  i on . 

The  X  29  longitudinal  control  !  «w  is  shown  In 
Figure  1,  while  tie*  .1  at  era  1 /d  i  reef  Iona  1  schematic 
Is  shown  In  Figure  4  (See  Reference  2  for  a 
detailed  description.  A  more  general  review  ot  tin* 
X-29  technologies  and  tin*  special  X-29  flight  test 
Issues  ate  present'd!  in  Reference  i  „  )  The  normal 
digital  mode  has  a  nitih  rate  control  law  with 
gravity  vector  compensation,  driving  a  discrete  ACC 
system.  This  mode  is  ga  i  u -schedu  1  %*d  bh  a  function 
of  M.e  h  Number  and  alrlmd*  art*:!  1  ncoi  pot  at  es  a 
sophist  i  cat  ed  redundancy  management  system  allowing 
!ni  1- -op/fal  !  safe  Flight.  MCC  Is  pilot  &  I  er  t  <:d  , 
i  i  .*  e  d  f  l «'» p  «*  t  >  'ii  M.sh  nvicir  of  ?J  [>  used  for  land  (to-. 

‘Hie  FAC  function  is  h  r»1  l.»t-**e  led  ed  aiiro  fhrof?  .1  o 
The  Tin.  hun  t  Cm  Cs  a  ground  o.m  ;u  f 
•  o!i«  r  o  i  lav  set  wii  1  *.  it  Jn  r..  t  f.  ve  wIumi  tuiv  nuding 
gear  ve  I  ght-ou-wh*.  e  l  inlay  is  open,  i  h  i  ft  run;*  >  mi 
fades  out  the  i  ;»ny :i  f  u<t  f  u  a  !  ierw-ti  -  I  !  MVji  i  n  t  4  gr  t  ■■  ■  t*  , 
a  1  lowing  direct  pf  lot  ci.nt  ml  ».  f  the  c  ana  i  d  s  do  r  !  ng 


a  e  tt 


(hi  Ln  t" h li  1  t*H  lor  diigrjyded  ojuvrat  1  on  (ire 
activated  by  a  failure  of  the  Attitude  Heading 
Reference  Syntewi  or  any  2  of  the  3  .ing  I e~o  f  -a t  f  ark 
sensorw.  This  ^unctikm  cannot  be  pilot-selected, 
nor  can  it  be  exited  in  flight.  Degraded  normal 
digital  operation  ia  the  Imit  option  available 
during  sensor  failures  prior  to  out on’ at: Ic 
down-modi ng  to  analog  revere Ion. 

The  analog  reversion  (AR)  mode  in  the  back-up 
flight  control  system,  designed  to  bring  the 
aircraft  safely  back  to  bane.  The  AR  mode 
provides  a  highly  reliable,  dissimilar  control 
mode  to  protect:  against  generic  digital  control 
failures.  It  incorpora tea  UA  and  PA  functions 
similar  to  those  of  the  NT)  mode.  AR  contains  u> 
longitudinal  trim  capability  or  pitch  loop  gain 
compensation  with  dynamic  pressure  while  the 
aircraft  is  on  the  ground.  Tn  all  other  aspects, 
It  performs  like  the  NO  .-outrol  system. 

The  Initio!  X-29  Ship  #1  flying  wab  limited  to 
0.60  M-ich  Number  and  30,000  feet  pressure 
altitude.  As  the  flight  envelope  was  expanded, 
the  PCS  evolved.  Several  gain  and  redundancy 
management  modifications  were  made  as  a  result,  of 
flight  test  data.  The  PAC  and  MCC  inodes  were 
added  to  enhance  the  research  capability  of  the 
aircraft.  Addition  of  the  Remote  Augmented 
Vehicle  (RAV)  system,  developed  by  NASA,  provided 
the  capability  to  pulse  individual  control 
surfaces  so  as  to  extract  their  effectiveness.  As 
Ship  #1  entered  the  military  utility  and  agility 
phase  of  its  flight  test  program  additional 
changes  were  made.  In  order  to  enhance  agility 
and  improve  handling  qualities,  control  Btick 
harmony  was  improved  by  reducing  the  longitudinal 
throw  by  about  50  percent.  A  further  modification 
to  the  gains  for  both  longitudinal  and  lateral 
axes  was  made  to  remove  the  earlier  sluggishness 
in  both  pitch  and  roll  response  of  the  aircraft. 

Late  in  1987,  Ship  #2  was  removed  from  storage 
and  modifications  were  begun  for  a  high  AOA 
program.  A  spin  chute  system  was  added  to  the 
aircraft  to  assist  in  recovery  of  the  aircraft 
from  an  inadvertent  departure.  The  system  was 
designed  for  pyrotechnic  chute  deployment  and 
mechanical  jettison.  A  pyrotechnic  emergency 
Jettison  is  also  available.  Cockpit 
lnstruuu  tat  ion  was  changed  to  accentuate  the 
importance  of  the  angle-of -fit tack  and  yaw 
indicators  by  using  large  6  inch  meters  centered 
on  the  console.  Spin  chute  system  status  lights 
and  test  switches  were  added  as  well  as 
instructional  lights  to  assist  the  pilot  in 
applying  spin-recovery  control  inputs. 

The  Ship  #2  flight  control  la««  were  modified 
to  permit  rll-axia  maneuvering  to  40  degrees  AOA, 
and  pitch-only  maneuvering  to  an  high  as  70 
degrees  AOA.  Below  10  degrees,  the  control  lawn 
are  identical  to  thorn?  last  flovui  on  Ship  (ft. 
Between  10  and  20  degrees,  the  high  AOA 
modifications  are  faded  in  until  above  20  degrees 
they  are  fuJiy  functional.  The  high  AOA  control 
law  modifications  are  included  in  Figures  3  and  4. 

The  high  AOA  changes  are  fairly  simple.  A 
spin  prevention  logic  is  active  above  40  degrees 
or  below  minus  25  degrees  AOA  with  increasing  vaw 
rate.  The  logic  increases  the  authority  of  both 
the  i udder  peddles  and  lateral  stink  and 
disconnects  all  other  lateral /direct  ton«  J. 
feedb&cks.  Besides  the  spin  prevention  logic,  an 
a  i  leu  oii-t  o- rudder  interconnect  pr.  vldes  fot  better 
mil  coordination  at  high  AOA.  A>  o  assisting  i* 
roll  «  oordtnat  fun  is  a  r.  fit  e  -of  -  a  tries!  ip  tee  f,.iHck 
to  the  rudder.  Since  substantial  wing  rock  was 
predicted  for  the  X-29  above  3)  degree*? 
arig  I  e  ■  of  ■■ -ft  1. 1  auk  ,  h  high  gain  roll  rare  -f  <*- o  i  Lt-ruu 


feedback  loop  !u.m  been  addl'd  to  eomoemwite  f  or  the 
mint  jib  le  oiling  moment  coefficient'  due  to  roll 
rate . 

X-29  TOW  AOA  TRST  RKSULTH 

Background 

The  ultimate  goal  of  the  Technology 

Demount  rat:  or  Program  way  to  transit  Ion  now 
technologies  to  future  fighter-class  aircraft'.  The 
flight  test  program  was  structured  to  ascertain 
whether  the  suite  of  X-29  technologies  can  In  fact 
produce  performance  gains  through  drag  reduction 
over  existing  systems  without  sacrificing  the 
pilot’s  ability  to  comfortably  control  his 
aircraft. .  The  original  design  goal  for  the  X-29 
control  low  wan  to  have  this  35  percent  statically 
unstable  aircraft  exhibit  Level  I  handling 
qualities.  For  about  the  first  3 H  years  of  flying 
(186  flights),  the  X-29  Ship  exhibited  Level  IT 
handling  qualities.  These  less- than-desirable 
ratings  were  a  result:  of  several  programmatic 
decisions  to  trade  design  iterations  and  system 
performance  for  safety  margin  and  cos t /schedule 
savings.  On  early  flights  the  control  stick 
harmony  was  judged  poor  for  a  fighter  aircraft,  but 
adequate  for  a  technology  demonstrator.  The  flight 
control  system  gains  in  pitch  and  roll  were 
purposely  reduced  to  achieve  added  margin  of  safety 
while  validating  the  wing  structure.  Again,  the 
resulting  performance  was  .acceptable  for  a 
demonstrator  but  did  not  represent  current  fighter 
capabil i ties. 

Flight  Cont rol  System  Modifications 

The  original  control  stick  had  a  10  inch  travel 
in  pitch  and  a  3.2  inch  travel  laterally.  This 
unharmonioiu?  situation  made  lateral  tracking 
difficult  during  high  g  maneuvers  and  created  slow 
pitch  response.  A  hardware  ind  software  change  was 
made  after  flight  186  which  cut  the  pitch  throw  on 
the  stick  in  half  while  maintaining  the  same  stick 
force  per  g.  The  pitch  neutral  point  was  also 
moved  forward  one  inch. 

Following  flight  213#  another  flight  control 
system  change  was  made  (Reference  4  and  5).  Pitch 
and  roll  gains  were  increased  to  permit  better 
dynamic  performance  from  the  aircraft.  However, 
the  flight,  g  limit  of  6.4  was  not  changed  since  no 
structural  proof  test  has  ever  been  conducted 
(thereby  limiting  flight  to  80  percent  der.lgn  Limit 
load).  The  results  of  these  gain  changes  were  a  41 
per  cent  improvement  in  available  maximum  pitch 
acceleration  and  a  40  per  cent  increase  in  the 
maximum  roll  rate  to  270  degrees  per  second.  The 
remits  are  shown  in  Figures  3  and  6  over  the  0.4 
tv  0.9  M«:  h  Number  range.  Note  that  no  supersonic 
gain  changes  were  made. 

F ly  1  n£  Qua litl es_  F v a  1  u at  i o n 

The  matrix  of  low  AOA  handling  quality  pilot 
evaluation  tasks  is  depicted  in  Figure  7.  These 
tasks  were  performed  only  in  the  normal  digital. 

Arc.*  flight  control  system  mode  with  the  up-ond-away 
gain  set.  They  were  flown  within  a  flight  envelope 
of  10,000  to  25,000  (10  and  25K)  feet  pressure 
altitude  and  ?0P  ro  430  Knot  a  indicated  ait  speed 
(KlAS),  to  a  maximum  0.9  Mach  Number,  In  all 
••  a  see  ,  t  lit  r  hast*  a  1  re  r  n  f  t  began  t*  1 1  he  *  spec  i  f  i  ed  nr 
random  maneuvers  and  the  X-29  pilot  reacted  to 
t  hem . 

The  Onopor ~-H« r per  ratings  for  ih.*ne  tasks  >ttn 
presented  in  Figures  Hn  to  8d .  The  height  of  ? he 
bar  m  liu'Hi'iHcfi  r  he  range*  •  *f‘  rating!-;  received  t  nr 
fi,(h  task  prior  to  flight  18/.  The  eHpaor  show 


the  average  for  data  J  ruin  flight a  I 8  7  through  2  13, 
and  tlu!  Hi  »»  m  show  the  rraultn  foi  the  final 
software  flown  In  the  military  utility  and  agility 
flights  after  ill.  The  data  shown  an  overall 
Improvement  In  handling  qualities  from  Level  II  to 
Level  T. 

The  linger  tip  formation  task  (Figure  Ha)  was 
flown  by  virtually  ail  of  the  pi  lota  who  flew  the 
X— 29  prior  to  flight  187,  a  total  of  13-  All 
pi  lota  felt  that  the  stick  harmony  between  the 
longitudinal  and  lateral,  axes  was  poor-  Tills 
reunited  in  an  apparent  sluggishness  in  pitch  and 
an  overcontrol  tendency  In  the  lateral  direction* 
In  general,  they  rated  the  task  as  medium- to— high 
workload.  Following  the  control  stick 
modification,  4  pilots  repeated  the  task  and  3  new 
pilots  flew  it  for  the  first  time.  Comments 
referred  now  to  good  stick  harmony,  but  perhaps 
too  much  sensitivity  (gain)  I\i  roll.  Pilot 
ratings  for  this  task  improved  from  Level  II  to 
Level  I.  The  final  29  flights  of  Ship  #1  had  the 
increased  pitch  arid  roll  response  gains  In  the 
flight  control  system.  Cooper-Harpei  ratings  and 
pilot  comments  remained  about  the  same.  Roll 
response  was  better,  although  still  too  sensitive 
at  elevated  load  factor. 

The  close  trail  formation  task  (Figure  8b)  was 
performed  by  11  pilots  using  the  original  control 
stick  configuration.  Again,  the  stick  harmony  was 
found  to  be  a  little  annoying.  During  elevated  g 
maneuvering,  one  pilot  commented  that,  he  would  not 
fly  the  slot  position  with  the  X-29.  Several  of 
the  pilots  found  a  small  overcontrol  tendency  in 
pitch.  The  pilot  ratings  reflect  borderline 
Level  j.  handling  qualities.  The  control,  stick 
modification  was  made  and  2  pilots  repeated  the 
task.  Another  pilot  flew  it  for  the  first  time. 
All  agreed  no  overcontrol  tendency  existed  and 
aggressive  pitch  inputs  could  now  be  made.  Good 
solid  Level  I  ratings  were  given.  Following  the 
pltch/roll  response  flight  control  modification, 

4  pilots  reflew  the  task.  Ratings  didn't 
appreciably  change.  Several  comments  indicated 
that  roll  sensitivity  at  elevated  g  could  be 
decreased , 

The  results  for  the  simulated  terrain 
following  task  are  shown  In  Figure  8c.  T n  this 
task  the  lead  aircraft  pilot  made  small  (+4»  ~V.  g) 
unannounced  stop  inputs  and  held  His  input  for  5-8 
seconds.  The  Job  of  the  X-29  evaluation  pilot  was 
not  to  follow  the  lead  aircraft,  but  to  recapture 
the  new  wing  -eferen.ee  position  as  quickly  and 
accurately  as  possible.  During  the  course  of 
these  evaluations,  some  pilots  misinterpreted  *  he 
original  instructions  and  attempted  to  follow  the 
lead  aircraft  accurately  throughout  the  transient 
maneuver  -  an  imonssible  task.  Ten  pilots 
participated  and  all  had  problems  wif.li  the  task. 
Many  suffered  small  r  i  nu- induced  cm  cl  1  1  at  lone  in 
pitch.  "Two  to  '}  high  frequency  overshoots  1  r> 
j.  Itch"  was  the  most  -used  expression.  It  was 
generally  a  high  workload  task  because  the 
..tier  alt  leant  rise  lagged  the  longitudinal  stick 
Inputs.  A  solid  Level  II  rating  was  assigned  to 
this  task.  The  same  task  was  repeated  by  1  of  the 
pi  lot  b  (and  2  new  >  following  the  stick 

mod  it  1  cat  ion.  The  overshoots  still  occurred  but 
the  pilots  were  now  able  to  anticipate  and  recover 
mors  quickly.  Ratings  Improved,  but  were  still 
Lev*  1  II,  The  biggest  Improvement  occurred  as  a 
result  v •  f  the  pitch  and  roll  gain  changes.  At;  the 
same  time,  the  correct  rank  Interpretation  was 
reinforced.  indeed,  the  task  Interpretation 
change  w«s  significant  »  for  some  pi  toff.  All 
pilots  ratio!  the  simulated  terrain  following  ?  «  k 
[  .reel  !  with  *.  hv  (trial  PCS'  mod  i  r  f  cat  I  u;»» . 


The  final  task  for  Ship  #1  handling  qualities 
l«  th*'  alr  to-alr  tracking  tank  (Figure  fld).  Am 
with  the  finger  tip  formation  task,  all  of  the 
early  pilots  flew  the  air-to-air  tracking.  Three 
different  set-ups  were  used:  In-trn.l!,  3g  target; 
90  degree  heading  crossing  angle,  4g  target;  and 
180  degree  heading  croa«ing  angle,  4g  target. 

Pilot  iyi tings  appeared  to  be  independent  of  target 
set-up ,  although  with  so  many  variables  it  van 
somewhat  difficult  to  interpret  the  results.  The 
average  scores  ranked  as  Level  TT  handling 
qualities.  The  lack  of  control  stick  harmony  did 
not  seem  to  strongly  influence*  the  pilot  comments. 
Once  the  stick  harmony  was  improved,  3  X-29 
veterans  and  2  new  pilots  flew  the  task.  All 
3  veterans  found  gross  acquisition  acceptable  and 
fine  tracking  excellent.  The  2  guest  pilots  rated 
the  task  as  Level  i[.  Following  the  pitch  and 
roll  response  improvements  to  the  flight,  control 
system,  the  same  3  veteran  X-29  pilots  re flew  the 
task  and  found  more  improvement.  "Good  control 
harmony."  "Nice  roll  response."  "Pitch  fine 
tracking  was  excellent."  "Fine  tracks  as  well  as 
any  aircraft  T  have  flown!"  And  finally,  frem  a 
guest  pilot,  "Fine  tracks  as  good  as  our  current 
f  Ighters . " 

Summary  olf  X- 29  Low  AO  A  Te  s  ts 

The  flying  quell  ties  of  X-29  Ship  $  1  evolved 
during  the  low  AOA  flight  tests  from  Level  TT 
aircraft  ~o  a  solid  Level  I  aircraft  with 
excellent  flying  qualities  in  a  variety  of 
realistic  tests.  This  Improvement  in  the  flying 
qualities  was  accomplished  with  relatively  simple 
modifications  to  the  FOS.  The  end  result  was  an 
aircraft  which  is  representative  of  current 
f Ighters . 


X-29  HIGH  AOA  TKST  RESULTS 

background 

The  X-29  configuration  is  novel  in  that  it  was 
designed  from  inception  by  Grumman  to  fly  to  high 
angles  -of -attack ,  This  design  requirement,  in 
concert  with  high  Levels  of  longitudinal 
Instability  at  low  AOA  and  subsonic  speeds, 

’efined  the  need  for  horizontal  fuselage  strakes 
at  the  rear  of  the  aircraft.  These  strakes  move 
the  center  of  pressure  of  the  aircraft  behind  the 
center  of  gravity  at  very  large  AOA,  thereby 
ensuring  a  nose-down  pitching  moment  to  eliminate 
t  h v.  pos slbll  1 1  y  o  f  a  him g  a  i; a  1 1  c onu  1  t;  I  on .  W I  n  i 
tunnel  tests  of  the  X--29  have  demonstrated  its 
ability  to  trim  at  AOA  through  7(1  degrees.  In 
addition,  lateral  control  fs  predicted  to  he 
available  to  90  degrees  AOA „  Wit'll  this 
combination  of  low  AOA  instability  and 
longitudinal  and  lateral  control  power  to  very 
high  AC A v  the  X-29  represent  i  j  unique  vehic  le  X  o v 
investigating  the  application  of  high  AOA 
maneuverability  in  futme  tactical  aircraft. 

The  X  79  Ship  ft'2  high  AOA  f  light  rest  program 
has  progressed  through  its  3  functional  tent 
flights  (June  8{>)  and  into  the  envelope  expansion 
phase.  To  date,  SO  flights  have  been  flown  with 
Ship  #7  on  the  high  AOA  program.  Once  the 
;■  e  r  i  o  rr.iH  nee  envelope  Is  fill  1  v  c  1  e  a  re  d  ,  t  h  e 
ml  1 1 1«  ry  util  ir.  v  and  ag  i  1  1 1  y  'vipabt  !  I  ?  1  of  t  hr 
X-  7.9  wi  ll  be  evaluated  ai  high  AJ>A  . 

P  r  o  g  r  i  t  ic  ( )  b  J  e  r  t  I  v  e  a 

The  object  Ives  or  goals  H  the  high  AOA  flight 
t <*k»  h  are  summar  ized  I  ri  f  igure  9  whtt.h  «  I  shows 
the  X  .  9  r  f  «h  1  11  y.e J  «t  approrlna  t  e  I  y  JO  dt-greeu 
At > A  T  h o *?-  e  o b feet  { v i ! s  v. e  re  : 


.vs  4 


1.  Define  t  he  limits  of  aircraft 

cont  ro  11  ftb  1 1  ity .  The  max  imum  AOA  at  whl'.'.h 
the  aircraft  will  reupond  «at f. sf actor  1 1  y 
to  pilot  inputa,  both  in  i#  stabilized 
iMIfthf  and  during  higher  speed  (up  to  200 
K1AS)  m«neuv«ring  flight  rnunt  be 
determined . 

2.  Maneuver  in  the  35-40  degrees  AOA  range. 
Can  the  aircraft  be  effectively 
maneuvered,  particularly  in  the 
lateral-directional  axes,  nt:  thene 
ttiigl<*8~of-at  rack? 

3*  Pitch  point  up  to  70  degrees  AOA.  Can  the 
impressive  pitch  power  of  the  X-  20  be 
utilized  to  achieve  these  anglea^of— attack 
without  dramatic  handling  qualities 
degradations? 

4.  Evaluate  the  high  angle-of-attack 

capability  of  the  X-29  in  the  context  of 
air-to-air  maneuvers  consistent  with 
military  fighter  utility. 

3.  Finally,  since  this  aircraft  is  a 
technology  demonstrator  and  i.ot  a 
prototype  for  a  new  fighter  production 
run,  it  is  important  to  understand  the 
flow  effects  within  this  unique 
configuration  which  produce  the  high  AOA 
capabilities.  Tn  other  words,  it  is  not 
sufficient  to  lust  achieve  good  high  AOA 
capability;  it  is  essential  that  the  flow 
mechanism  which  creates  this  capability  be 
understood  in  order  that  the  benefits  can 
be  transferred  into  future  designs. 

High  AOA  Test  Aircraft 

The  high  AOA  test:  aircraft,  Ship  if  2,  is 
essentially  the  same  as  Ship  #1  except  for  the 
foil. ow i n g  key  f ea  t u  re  s : 

1  Modified  triplex  digital  flight  control 
system  with  special  control  laws  for 
flight  above  20  degrees  AOA  (the  limit  for 
Ship  1 ) . 

2.  Modified  flight  teist  noseboom  ro  include* 

3  AOA  vanes  to  provide  the  necessary 
redundancy  for  the  high  AOA  control 
system . 

1.  Spin  chute  for  recovery  from  inadvertent 
out -of -cont to !  fJlght.  To  date,  this 
event  has  been  avoided  by  prudent  test 
p  1  aiming . 

The  Important  X-29  high  AOA  design  features  ave 
summarized  in  Figure  10. 


Mtgh  AOA  FJ  Ijght  Control  System 


Spe 

(  it  i 

C  {.: 

tuitro  1 

lew  tin >di  Hear 

i  mis 

lor  ii 

igh 

AOA 

i  .1  f 

vM 

are 

1  given 

in  Figures  1 

arid  4 

wn  i  ; 

e  the 

COII’P  1  o  l 

e  ilt* 

r  a  l 

Is  «>t 

the  X-3v  high* 

At 'A  i 

light 

con 

£  Ml  1 

MVS 

fern 

i  are  summarized  in  i< 

cl  ere 

nee  7 

u.,  ; 

.11  ( 

»-Ut  li 

r  i‘s 

oi  th 

«  <{(*>■;  fgti  a  i  » 1  s 

hown 

In  F i 

gum 

J  1 

Til 

is  r 

e  1  a 

t  i  ve  1  v 

simp.  Ie  i>e.‘  Ign 

P  i  v.  v  .1  d  *-  vl 

n  rate 

compand 

s  y  s 

t  fin 

t  il  p  ■ 

tel  with  ■*  we  is 

k  AOA 

r  *M*d 

ba  k 

;e'n. 

a  1  i 

owd 

ve 

loci  ,  y 

vector  rolls 

using 

on  1  y 

1  a  f 

e  *  a  1 

St  ! 

rk 

i  npn*  s 

.  3  p  .  i'  jc.’f  vt*ii  t  lou 

!  ok  1 

was 

Inc 

nrpo 

tat  e 

d  b 

eg iuni 

ng  at  40  degte 

o«  AOA. 

Va  r 

lab  1 

e  ga 

In 

1  e  a  tut' 

ct,  ui  ii-  i  m  ( ud 

ed  in 

*:  he 

de «:  i  v  !; 

vh  *  ■ 

ch  a 

1 1  owed 

.030  pt* 

rcrSH  vail  at  to 

D  *  *  i 

se )  nc 

i  !  i  ! 

itht 

c.iiif. 

r  o  1 

sy'Hf  tr 

•\  gain.*,  in  ill 

ghr . 

r  !  i  - 1 >  t  Te n t:  K/ portal  • -ns 

KKit‘inii  vr  Lac  V  g  to  i  e ; !  stedie*.  and  ♦  •  v  a  i  oat  i  mo 
Wf'.-'f  made  J  r;  support  i  he  I.  I  s>}>:,>e-»  i  o.»  chi.-- 
uni  q  .;t;  ,  h  i  gh  !  v  uns  i  ;■}'[>  1 a  {  r  i  f  aij  .  Ove  r  a  pg ;  i  < 

■ 1  i  .1 ’  y  k'  a  jr,  «t  ud  i  e  .*>  we  r  <-•  mad  e  1 1  s  '  i « ><  ,  t  lot  ir-  y 
J  e v*  ind  at-.- 1  wh  t  »:•  i  f  inum  I  s ,  »,  pvc  i  a  \  d  r  op 


studies  w«r?  largely  done  «(  t  he  NASA  Lung  try 
facilities  and  t  lie  tncflfticN  nt  Grumman  Aircraft 
Corporation,  who  designed  ami  hti  f  1 1  both  aircraft'. 

From  rht?H«  studies,  the  major  treads  and 
problem  areas  were  identified.  High  AOA  utility 
of  the  X-~?9  (above  30  degrees)  wan  expected  to  be 
fuf ' uem  ed  by,  if  not  limited  by: 

i,  back  of  directional  control  power. 

/  Nose  slice  potential  of  tiie  K-S  forebody. 

3.  Wing  rock. 

4.  Engine  inlets  which  were  not  specifically 
designed  for  high  AOA  flight. 

He  su  1 1:  h  ■  rom  thess  extensive  stud  lew  were,  rtl.no 
used  to  create  the  aerodynamic  models  required  to 
produce  the  necessary  ground  simulations.  The 
ground  simulator  was  used  in  support  of  the  high 
AOA  control  law  development  and  the  actual  flight 
tests.  The  X-29  simulation  facility  was  an 
essential  part  of  the  test  program,  particularly 
during  the  high  AOA  control  law  development  phane. 
Once  the  tests  began,  the  simulator  remained  an 
Important  element  in  the  program  despite  the  need 
for  constant  ret  Is Ion  to  incorporate  the 
differences  between  predictions  and  the  actual 
flight  test  measurements.  The  evolution  of  the 
X-29  flight  test  process,  including  the  role  of 
the  ground  simulator,  is  discussed  in  the  Lessons 
’.earned  subsection  which  follows, 

H  igh  AOA  FI  yi  ng  Qua  lit  1  esi 

The  X-29  performance  at  high  AOA  was  excellent 
and  generally  better  than  expected;  the  flight 
tents  were  certainly  not  just  validation  of  the 
predictions.  This  phase  of  the  X-29  program  was 
exciting,  technically  stimulating,  and  rewarding 
from  both  the  engineering  ar.d  test  pilot 
viewpoint . 

The  results  for  Ig  stabilized  flight  can  best 
he  summarized  using  Figure  12.  The  major 
highlights  from  these  X-29  high  AOA  tests  which 
were  conducted  between  40000  and  23000  (40  and 
33 K)  feet  wer?: 

1.  Good  pitch  control  at  all.  aOAs. 

2.  Gont ro 1 ! ah i 1 i tv  degraded  above  43  degrees 
AOA,  but  always  in  a  graceful  manner  (no 
departures ) . 

3.  Good  lateral  control  up  to  40  degrees  AOA. 

-  roll  rates  of  approximate'  ly  .33  degrees 
per  second  about  the  velocity  vector. 

-  lull  lateral  stick  rolls  were  well 
behaved  ami  precise. 
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on  Its  60  deg.  «•  noiJi'.  down  utop  during  recovery 
with  in'  til  el  t  er fa,  Subsequent  t e h t »  t:o  S*j 
degrees  AOA  a»  a  more  aft  c.g.  w-ere  not.  an  1  lm*«r 
and  v*1 1  I  behaved ,  hut  at  I  11.  t  in* i  n  wove  no 
c: < *n  t:  r*  1 1  ah  1  I  1 1:  y  p  to b  1  emu  . 

Tout. fi  worn  altiO  comp  toted  at  160  and  700  K  f  AS 
up  to  3rr  degreea  AOA  which  resulted  in  n  maximum 
load  factor  of  about  1.  .*>g  *  s  .  Full  lateral  atlck 
160  degree  folia  were  flown  with  good  response  and 
control.  The  flight,  control  design  produced 
near-perfect  velocity  vector  roll  a  at  these  AOAn . 

Lessons  Learned 

Tn  the  case  of  the  X~ 2 9 ,  the  differences 
between  predictions  and  the  flight  test  results 
were  gratifying]./  genet  ally  In  the  positive 
direction.  The  aircraft  flow  better  than  expected 
at  high  AOA s.  As  previously  noted,  the  major 
trends  in  the  X-29  chnrnrtn  lotics  at  high  AOA  and 
the  potential  problem  areas  were  properly 
identified  by  the  extensive  background  nfudies. 

The  details  of  the  X-29  characteristics  were 
brought  out  during  the  flight  tests.  In  some 
cases  the  differences  were  significant;  for 
example,  the  wing  rock  of  the  real  aircraft  was 
less  severe  and  its  onset  delayed  compared  with 
the  predictions. 

Out  of  this  X-29  high  AOA  program  experience, 
which  can  best  be  described  as  a  discovery 
process,  several  lessons  can  be  drawn.  There  are 
many  potential  reasons  for  the  differences  between 
the  actual  and  predicted  aircraft  characteristics. 
The  complete  story  will  not  b*-»  available  until  the 
flow  effects  on  this  unique  configuration  are 
better  understood,  hopefully  through  flow 
visualization  and  pressure  studies.  A  partial 
list  of  the  reasons  for  the  differences  would 
inc lude : 

1  „  Flow  effects  of  the  forward  swept  wing  and 
canard  interaction  are  not  fully 
understood . 

2.  Important  effects  of  the.  unsteady  forebody 
vortex  flow  are  not  j.ully  understood. 

3.  Rudder  control  power  was  higher  at  high 
AOA  than  predicted. 

4.  Dihedral  effect  wan  lower  than  predicted. 

5.  Lateral  control  power  was  higher  than 
pred ieted. 

6.  Roll  damping  was  more  stable  than 
predicted . 

7.  The  effects  of  the  high  gain  FCS  are  not 
fully  understood. 

Tn  conventional  flight  regimes  Oo>  30A) 
with  a  low-gain  flight  control  system,  ..<w 
observed  differences  in  control  derivatives  would 
not  be.  significant.  However,  in  the  definitive 
high  AOA  arena  with  a  high-gain  flight  control 
system  operating,  differences  between  predictions 
and  actual  aircraft  characteristics  which  are 
within  previously  accepted  data  tolerances  can  now 
be  significant.  For  example,  the  X-29  Lateral 
cont  rol  derive,  live  was  i:  igher  than  predicted  by 
about  20  percent  and  the  roll  damping  v«a  more 
a  tab  It.*  than  predicted.  These  dl  f  f  ere«c**u ,  in 
combination  with  the  very  high  lateral  control 
system  feedback  gains,  produced  a  significant 
delay  tr»  wing  rock  outsat  and  reduction  in 
voagn  i  cude . 

f  r<>»  the  first  tee  V:  s  s b ov t  .? 0  degree?-  A0; 
which  slewed,  at  the  time,  apparently  alarming 
differences  from  the  ground  s i®u i at  or ,  the  test 
process  and  i  ole  of  the  simulator  In  the  feat 
program  changed.  The  initial  concerns  with  these 
d  i  f  f  e  x  e  n  c  »  »  pr  o  d  uce  d  i\  Jest  r  t.  to  at  o  p  f  T.  y  S r:  ^  1  o  r»  g 
enough  to  understand  ‘the  proh'ins"-  Flight 


tenting  did,  however w  continue  with  it  revised, 
more  pragmatic  iest  approach.  Ff forts  continued 
in  an  attempt  to  under  stand  the  d  i  f  fertMires which 
rep  resell  ted  n  difficult-  problem  since  no  new 
prediction  data  were  available.  The  new  flight 
teat  approach  began  by  admitting  that  the  flight 
tests  were  not  just  validation  and  that  the 
aircraft  whr  .Itself  one  of  the  available  research 
tools.  Surmounting  that  obstacle,  the  next  step 
was  to  proceed  with  a  aeries  of  testa  To  increase 
AOA  prudently.  As  part  of  thin  process,  baseline 
observations  were  solicited  from  the  pilots:  does 
the  aircraft  roll  in  the  direction  commanded?  hv 
the  stick?  by  the  rudder?  is  the  dihedral  effect 
positive?  is  the  aircraft  directionally  stable?, 
etc.  In  this  way,  important  fundamental  stability 
questions  were  directly  addressed. 

As  the  flight  test  results  were  obtained, 
every  effort  was  made  to  update  the  simulator 
using  a  variety  of  paraneter  identification  data. 
The  simulator,  in  addition  to  its  usefulness  for 
test  preparation,,  was  also  used  to  evaluate 
worst-case  scenarios.  However,  the  results  at  the 
next  higher  Increment  in  AOA  always  produced  new 
discoveries.  This  less  than  elegant  flight  test 
process  was,  in  fact.  „  both  effective  and 
educational  and  allowed  a  safe  expansion  of  the 
high  AOA  envelope. 

Summary  of  X-29  High  Ang le-of-Att ack  Tea ts 

The  X-29  high  AOA  research  program  was  clearly 
a  discovery  process  which  included  many  important 
elements.  Analysis,  wind  tunnels,  rotary 
balances,  and  the  final  step,  flight  test,  were 
ail  essential  to  this  exciting  learning  process. 
Simply  stated,  the  X-29  flies  very  well  at:  high 
i\0a . 

Kuti i r e  Plans 

The  X-29  high  AOA  program  is  not  vet:  complete, 
Future  plans  include: 

1.  Flight  control  system  improvements.  These 
efforts  are  centered  on  increasing  the 
velocity  vector  roll  rates  and  reducing 
the  high  frequency  lateral  actuator  noise 
during  higher  speed,  high  AOA  maneuvers. 
These  high  frequency  inputs  caused  several 
actuator  miscompares  during  the  tests. 

2.  Complete  the  military  utility  and  agility 
evaluations  to  understand  the  potential  of 
applying  the  X-29*s  high  AOA  maneuvering 
capabilities  during  air-to-air 
engagements . 

3.  If  possible,  inclusion  of  flow 
visualization  capability  and  pressure 
measurement  instrumentation  on  the 
aircraft.  These  addition*  are  required  to 
understand  fully  the  complex  flow 

i n  t e r a e t ion «  o n  the  a  1 1  c r a  f t . 

4 .  F 1  ns  fly,  the  c o n t;  r o  1  of  the  1  mpo r t a n t 
forebody  vortices  would  significantly 
increase  the  X-29  capability  at.  high  AOA. 
Various  studies  are  underway  to  determine 
the  beat  method  of  achieving  the  necessary 
forebody  vortex  control. 

ccmxmiM  remarks 

Plight  of  the  unique  X-29  design  hive 

been  performed  at  high  and  low  anglee-of-at  r  celt 
ualftg  both  teat  «i  re  v  »f  t. .  The  drag  redtict  f.ori 
design  goals  of  the  X  -29  were  demount r a tad  at  t.  ov 
trig  les-of-att  .-u:k  (ie&»  than  20  degree  a)  using 
S  l I , )  I  i ..  vhl]<  flu  high  ang  l  \»  -- 1  > :  n  1 1  a  c  k  r  h  p  a  b  !  i.  \  t  v 
of  t h ,*  forward  swept  wing  th.-atg;-  was  explored 
using  Ship  #2.  The  Import  ant  wbservM  Ic-nu  »>h<  su 


2  s  0 


the  X-29  flying  qualities  Lr.  both  mig 1 e-of-«t t ac k 
regimes  are  mi  follows: 

1.  The  X-29  Ship  (M  teats  clearly 
demonstrated  the  viability  of  flying  a 
highly  unstable  forward  swept  wing 
aircraft  using  a  3- surface  digital  flight; 
control  system. 

2.  Excellent  flying  qualities  (Level  1)  were 
achieved  for  operetions-orlenfed  tasks 
during  the  Ship  #1  testing  up  to  20 
degrees  AO/'  through  a  series  of  relatively 
simple  control  rystera  modifications. 

3.  Excellent  high  AOA  capability  and  flying 
qualities  were  demonstrated  during  the 
recent  flight  teats  lining  Ship  #2. 
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SUMMARY 

High  standards  of  mission  performance  are  required  for  the  next  generation  helicopters.  For  military 
and  civil  use,  this  aspect  will  pervade  the  design  of  helicopters  and  will  direct  the  efforts  to  integrate 
control  systems  and  cockpit  technologies  The  challenging  question  for  flight  control  research  is  to 
specify  a  guideline  for  the  development  answering  what  is  required.  A  facility  for  piiot-in-the-loop  studies 
is  needed  with  the  capability  to  implement  sophisticated  control  systems  and  to  vary  the  control  system 
parameters.  This  paper  discusses  essential  aspects  to  evaluate  in  flight  the  performance  of  helicopters 
with  high  authority  control  systems 

Starting  with  describing  new  operational  demands  like  high  agility  and  precise  tracking  ab'bty,  the 
derivation  of  flight  test  tasks  being  well  suited  for  the  use  in  handling  qualities  investigations,  is  con¬ 
sidered  In  particular,  the  relevant  DLR  activities  are  addressed.  To  contribute  to  the  establishment  of 
a  generic  and  credible  data  base  for  handling  qualities,  DLR  is  concentrating  on  the  realization  and 
utilization  of  the  helicopter  airborne  simulator  ATTHeS  {Advanced  Technology  Testing  Helicopter 
System)  The  explicit  model  following  control  system  which  is  designed  for  ATTHeS  is  briefly  presented. 
This  paper  reviews  the  potential  of  the  simulation  system  which  is  illustrated  by  the  overall  system 
performance  identified  from  flight  test  data  Due  to  the  implemented  explicit  model  following  systems, 
the  in-flight  simulation  facility  is  provided  with  the  capability  of  a  flexible  and  broad  variation  of  stability 
and  control  characteristics  Finally,  results  of  a  bandwidth  phase  delay  study  are  presented  and  the 
influence  of  coupling  on  handling  qualities  evaluation  is  discussed 

1.  INTRODUCTION 

High  standards  ot  mission  performance  are  required  lor  the  next  generation  helicopters.  For  military 
and  civil  use  this  aspect  will  pervade  the  design  ot  helicopter  systems,  and  will  direct  the  efforts  to 
integrate  control  systems  and  cockpit  technologies  The  overall  objective  is  to  improve  the  potential  of 
helicopter  utilization  For  example,  the  military  operational  demands  include  dying  with  high  aggression 
close  to  the  ground  in  bad  weather  conditions  with  low  visibility  or  at  night  A  civil  EMS  'emergency 
medical  service)  mission  of  ttie  future  will  require  to  land  with  high  precision  in  a  confined  and  uncon¬ 
strained  area  in  had  weather  conditions,  when  a  high  probability  of  accidents  exists,  especially  The 
realization  of  all  these  operational  demands  will  lead  to  a  continuously  increasing  ot  the  pilot  wor  kload. 
With  the  ultimate  objective  to  operate  helicopters  under  sue  li  operational  conditions  and  with  such  high 
gain  piloting  tasks,  there  is  the  need  to  develop  and  to  integrate  technologies  which  reduce  drastically 
the  pilot's  workload  and  tailor  the  (lying  characteristics  to  enable  a  sai.s'actory  task  performance  with 
an  acceptable  levei  of  pilot  s  workload 

The  application  of  active  control  technology  (A!  t )  mheies  tint  potential  to  change  ne  c  essarily  the  v, ay 
of  developing  and  Hying  a  helicopter  system  T to-  implementation  of  high  authority  control  sys’ern  has 
emerged  as  an  important  tool  to  tailor  the  flying  qualities  ot  a  (light  vehicle  to  specific  demands  of  a 
mission  Only  ‘tie  application  ot  sonhistie  ated  digital  (light  t  onlrol  systems  r  an  yield  the  level  of  aug¬ 
mentation  and  flexibility  for  mission  oriented  tlying  iiialities  the  lessons  learned  Horn  fixed  wing 
applic  ation,  especially,  show  that  such  capable  high  nitlu.iity  and  high  bandwidth  control  systems  can 
only  setisf.-u  to* ily  be  designed  when  all  integrated  elements  are  considered  As  the  helicopter  ic  a  fun¬ 
damentally  different  air  vehicle  many  ot  the  pistitu  ations  lot  the  fixed  wing  application  cannot  tie  easily 
i  --.at  ac.i-oss  The  helicopter  has  its  own  set  of  problems  m  it-,  design  and  operation  tor  which  ALT  can 
otfe;  attractive  aspects  ot  solution 

The  challenge  tor  flight  control  research  is  twofnlded  (1)  to  define  what  is  required  and  then  {'/)  to 
design  what  is  required  'he  tirsl  topic  deals  with  the  definition  -if  guide  lines  for  the  design  ot  high 
authority  control  systems  The  control  system  porfoimanr  c  evaluation  is  tin  evaluation  of  the  infer,!  ih-d 
system  and  all  elements,  whit  h  inter  fere  with  the  piloting  task,  wall  influence  the  pilot's  evaluation  of  the 
control  system  acceptance  While  sensors  ,u  tu.rior  •  pilots  c  mitre -tiers,  and  information  system  wdl 
feature  m  the  overall  system  performance  q  is  the  c.onhol  law  that  determines  primarily  the  flying 
qualities  Hie  control  law  aims  to  assist  the  pilot  and  to  achieve  level  1  flying  qualities  throughout  the 
open  itis'ua!  envelope  The  sec  ond  topic  deals  with  the  necessaiy  levei  of  sophisfir.mion  tot  the  design 
ot  the  control  system  An  individual  balance  has  to  ! found  between  the  technologic  at  possihihlv.  ?h, 
neuduinui  necessity  arid  die  originated  costs  for  the  re, ill  -alron 
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i  he  military  handling  qualities  specification  has  been  currently  revised  considering  more  advanced 
ro(orcrnf?s  with  advanced  control  systems  integrated  [t  j  Data  of  many  studies  have  been  included  to 
define  the  updated  criteria  Nevertheless,  data  gaps  have  been  identified  which  have  to  he  filled  to  verify 
proposed  criteria  or  to  define  alternate  criteria,  lest  programs  have  been  conducted  and  will  tie  con¬ 
ducted  at  OLR  to  contribute  to  credible  handling  qualities  data.  Two  flight  test  vehicle  serve  for  flying 
quality  investigations  at  DLR:  (1)  an  operational  SO  105  helicopter  with  a  standard  measurement 
equipment  and  (3)  the  in-flight  simulator  ATTHeS  (Advanced  Technology  Testing  Helicopter  System) 
based  on  a  BO  105.  Figure  1  summarizes  the  areas  of  use  for  the  both  testbeds.  The  operational  heli¬ 
copter  is  mainly  used  to  develop  flight  test  techniques  and  io  define  me  (light  test  tasks  which  represent 
the  mission  demands.  The  in-flight  simulator  ATTHeS  is  endowed  with  the  capability  of  variable  con¬ 
trollability  and  stability.  ATTHeS  is  used  as  the  main  DLR  testbed  so  establish  data  bases  for  definition 
of  harw'ing  qualities  requirements  for  advanced  rotorcraft  systems.  In  addition,  the  simulation  system 
is  used  as  a  testbed  for  technology  demonstration  and  control  law  development  and  evaluation. 


This  paper  highlights  the  activities  at  Dl.R  in  the  field  of  handling  qualities  investigations  tor  future 
helicopter  systems  with  particular  reference  to 

•  the  operational  demands  and  the  derivation  of  flight  test  tasks  and  procedures, 

•  the  in-flight  simulator  ATTHeS  developed  for  sophisticated  handling  qualities  testing,  and 

•  some  results  of  DLR  studies  contributing  to  a  handling  qualities  data  base. 

i\  OPERATIONAL  DEMANDS 


The  user  of  a  helicopter  seems  to  be  not  so  much  interested  in  a  technical  solution  which  can  meet 
1~;s  operational  demands.  He  primarily  asks  for  the  demonstration  of  the  mission  performance  with  an 
acceptable  workload  for  the  pilot.  The  designer  of  a  helicopter  and  of  the  subsystems  needs  the  sub¬ 
stantial  and  complete  requirements  which  can  be  used  as  a  design  guide  in  the  phases  of  development 
in  addition,  the  established  requirements  are  necessary  for  certifying  a  helicopter  system.  It  is  the  task 
of  the  handling  qualities  engineer  to  transfer  the  operational  demands  in  a  technical  terminology  which 
ran  be  understood  by  the  designer  and  can  be  'he  basis  tor  the  communication  between  the  customer, 
the  certification  administration,  and  the  manufacturer 


The  approach  to  define  flying  qualities  criteria  icnsisis  of  three  main  steps:  (1)  the  derivation  of  the 
flight  test  tasks  which  are  representing  the  operational  demands,  (2)  the  establishment  of  a  data  base 
which  can  be  used  for  the  definition  of  the  handling  qualities  criteria,  and  (3)  the  verification  of  the 
implemented  handling  quality  characteristics  fnis  paper  concentrates  on  the  first  two  topics.  The  third 
topic  is  reflecting  the  techniques  of  system  identification  which  are  covered  in  more  detail  in  [2]  Nev¬ 
ertheless,  the  importance  to  verify  the  overall  system  characteristics  shall  be  emphasized  because  the 
pilots  are  relating  their  evaluations  to  the  real  and  not  to  the  commanded  vehicle  characteristics. 

A  classical  transport  mission  of  a  helicopter  under  visual  meteorological  conditions  con  be  d  urac- 
teif/ed  in  adequate  acceptance  with  the  parameters  speed,  altitude,  ami  Iced  factor  The  mission  car. 
be  described  m  a  flight  envelope  and  the  requirement  is  to  operate  the  helicopter  safely  within  the 
envelope  boundaries  without  reaching  helicopter  limitations.  This  classical  approach  to  characterize  a 
mission  cannot  indicate  the  demands  of  some  special  military  and  civil  missions  of  today.  Flying  close 
to  the  ground  an  near  the  obstacles,  tracking  a  target  in  a  maneuvering  flight,  and  landi  n'  within  an 
EMS  mission  in  an  unconstrained  and  confined  area  in  an  adverse  weather  situation  result  in  the  need 
to  describe  the  extremely  high  demands  with  some  more  sophisticated  parameters. 

Ir  any  discussion  about  the  nature  of  today's  and  future  helicopter  operation  the  terms 


*  high  maneuverability, 

*  precise  tracking  abik’y,  amt 

*  high  agility 


are  used  to  illustrate  'he  demands.  Reviewing  the  literature,  some  definitions  for  these  terms  arc  given 
but  art  accepted  standard  definition  cannot  tie  found  A  summary  of  flic-  deferent  measures  for  agility  of 
fixed  wings  is  given  in  [3J  the  purpose  of  this  naper  is  not  lo  offer  some  new  individual  definitions 
Referring  to  the  topics  of  this  paper,  a  cl.nrihcalion  of  those  attributes  shall  be  attempted  to  allow  a 
meaningful  and  systematic  shaping  of  related  handling  qualities  requirements.  These  defiimions  are 
close  lo  those  given  by  Lappos  in  ( 4  j  Ah.:'  in  .mevious  papers,  definitions  of  maneuverability  and  agility 
were  discussed  [5,  B]  A  good  description  of  ■  m  relations  is  given  in  [7 j  which  points  out  tvvo  general 
properties  of  an  aircraft  which  suppor*  Ms  ability  to  maneuver  One  is  related  to  the  decree  to  whir  ft 
the  aircraft  can  be  maneuvered,  and  the  other  is  re.. tied  to  the  rapidity  and  precision  will,  which  the 
aircraft  can  be  maneuvered  “ 


Maneuverability  is  a  function  of  the  fust  charnclenstu  I!  describes  the  ability  and  lim  1  ain.ui  of  flu 
helicopter  to  r hange  the  flight  path  vector  With  this  under-binding,  maneuverability  is  an  open  loop 
parameter  which  quantifies  the  anility  only  of  flu;  helicopter  Quantifies  of  maneuverability  cun  bn  the 
maximum  rate  of  climb  turn  rate  and  load  factor 


in  contrast  to  maneuverability  tracking  preciseness  is  a  parameter  dost  lining  am  performance  of  the 
dosed  loop  pilot  helicopter  system  typical  design  nr  a-.  !.•  iniluem  t*  me.  p.  m  i-  <  inc’ude  (tie  teed 


back  control  system  and  the  display  technology  At)  example  tor  a  maneuver  including  both  demands 
maneuverability  and  tracking  preciseness  is  shown  in  Figure  2.  The  bank  to  target  maneuver  includes 
the  two  phases:  (1)  the  turn  to  target  phase  with  a  performance  that  is  determinated  by  the  maneuver 
anility  and  (2)  the  target  tracking  phase. 

AgitTy  is  the  ability  to  change  rapidly  and  precisely  the  maneuver  state.  A  definition  of  agility  can  be 
put  forward:  Agility  is  proportional  to  the  inverse  of  time  for  the  transition  from  one  maneuver  to  another. 
Agility  is  mainly  a  function  of  the  helicopter  control  response  and,  consequently,  a  pilot  in  the  loop 
capability  To  investigate  agility  aspects  is  therefore  a  typical  domain  of  handling  qualities  engineers 
Referring  to  the  bank  to  target  maneuver,  the  time  between  the  turn  to  target  phase  and  the  tracking 
phase  describes  the  agility  of  the  tested  system.  Figure  3  illustrates  the  tracking  error  measured  in 
flight.  Although  the  testbed  features  good  maneuverability  the  agility  is  in  need  of  improvement,  The 
reason  for  the  low  agility  is  not  the  on-axis  response  characteristics  which  have  been  evaluate  i  as 
satisfactory,  but  the  highly  coupled  response  of  the  testbed  which  reduces  the  preciseness  to  change 
the  maneuver  state.  The  implementation  of  an  adequate  control  system  which  reduces  the  level  of 
coupling  will  facilitate  the  piloting  task  and,  consequently,  increase  the  agility 


3.  FLIGHT  TFST  PROCEDURE  ASPECTS 

As  previously  mentioned,  the  approach  to  define  handling  qualities  criteria  includes  in  a  first  step  the 
establishment  of  the  test  procedure  which  is  most  suited  for  collecting  the  experimental  handling  qual¬ 
ities  data.  The  flight  test  task  has  to  be  defined  in  strong  correction  with  the  mission  or  with  a  specific 
mission  phase,  and  the  piloting  task  has  to  represent  the  demands  of  the  mission  phase  The  definition 
of  the  Hying  qualities  levels  is  dependent  on  the  various  levels  of  piloting  tasks  which  can  be  described 
as  required  levels  of  precision  or  of  aggression  With  this  understanding  of  the  brief  framework  of  flight 
test  tasks  for  handling  qualities  investigations  this  attribute  to  be  representative  for  the  mission 
demands  must  be  underlined.  Figure  4  illustrates,  for  example,  the  derivation  of  slalom  tasks  from  NOE 
(nap  or  the  earth)  mission  phases.  The  slalom  task  addresses  the  demands  on  the  roll  axis  primarily. 
The  power  spectra  of  the  roll  rate  are  used  to  correlate  the  demands  t  to  operational  maneuvers  and 
the  piloting  task  for  the  handling  qualities  investigation  Figure  5  reviews  the  roil  axis  flight  test  tasks 
which  have  been  used  at  OLR.  These  tasks  cover  the  flight  maneuvers  of  precision  hover,  nap  of  the 
earth,  and  air  tracking. 

In  contest  to  the  request  to  define  representative  tasks,  any  flight  test  task  should  fulfill  the  require¬ 
ment  to  be  reproducible.  This  means,  the  task  should  be  flown  by  different  test  pilots  with  the  same 
understanding  of  the  desired  task  performance  A  handling  qualities  experiment  is  usually  conducted 
by  systematically  changing  specific  vehicle  characteristic  parameters  and  determining  the  respective 
pilot  evaluations  for  those  vehicle  parameters  One  problem,  which  should  be  eliminated  or  at  least 
should  be  considered,  is  any  unintentional  variation  in  the  task  performance  following  a  change  in  the 
vehicle  characteristics  An  approach  to  ensure  the  reproducibility  is  to  simplify  the  task  to  a  reduced 
number  of  axis.  This  allows  the  test  pilot  to  concentrate  his  evaluation  on  the  changed  vehicle  charac¬ 
teristics.  An  on-line  quickiook  to  examine  the  achieved  task  performance  in  the  test  is  a  helpful  tool  for 
the  engineer.  For  the  slalom  task  a  score  factor  vves  computed  which  indicates  the  averaged  deviation 
of  the  flown  ground  track  from  a  idealized  ground  track  (  see  Figure  6)  In  addition  to  the  examination 
of  the  achieved  task  performance,  the  score  factor  gives  an  indication  of  he  pilot's  lear  ning  curve.  If 
parameters  of  the  vehicle  response  characteristics  are  changed  the  phot  r  eeds  some  time  to  become 
familiarized  with  the  new  vehicle  configuration  and  to  adapt  his  control  stra'egy  to  the  configuration  and 
the  task  The  pilot  ratings  and  comments  should  be  related  to  the  test  runs  when  the  pilot  has  achieved 
a  well  adapted  control  strategy  This  avoids  a  possible  misinterpretation  ol  the  pilot  evaluations  in  cor¬ 
relation  to  the  implemented  vehicle  characteristics 

A  third  aspect  which  has  to  be  concerned  is  primarily  r  elated  to  the  investigation  of  level  2  or  3  han¬ 
dling  qualities.  To  conduct  handling  qualities  tests  in  a  realistic  operational  environment  with  a  vehicle 
having  a  reduced  level  of  handling  qualities  incorporates  (he  aspect  of  safety  The  objectives  of  the 
definition  of  handling  qualities  levels  have  to  include  the  examination  of  degraded  handling  qualities 
To  avoid  any  risk,  these  test  can  be  performed  in  a  ground  simulator,  but  any  ground  simulation 
experiment  should  be  verified  in  flight  In  order  lo  fulfill  these  needs,  in-flight  simulation  is  the  ultimate 
assessment  technique  providing  high  realism,  flexibility,  and  credibility.  The  utilization  of  an  in-flight 
simulator  ensures  flight  safety  also  when  simulating  a  helicopter  with  degr  aded  handling  qualities 

fhe  discussed  attributes  can  be  summarized  as  the  R3  requirements  on  a  test  procedure  for  handling 
qualities  investigations 

*  Definition  of  piloting  (asks  which  are  representative  for  the  corresponding  operational  mission 
phases 

*  Definition  of  piloting  tasks  which  are  reproducible  in  tests  related  to  the  incorporated  pilots  and  the 
varied  system  configurations. 

*  Application  of  a  low  risk  tes*  procedure  concerning  the  flight  safety 
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4.  SN-FLJGHT  SIMULATOR  ATTHeS 


The  DLR  lias  developed  the  helicopter  in-flight  simulator  ATTHeS(  Advanced  Technofogy  Testing 
Helicopter  System).  The  ATTHeS  simulator  is  based  on  the  helicopter  30  105  S3  (Figure  7)  which  pro¬ 
vides  a  nonredundant  fly-by-wire  for  the  main  rotor  and  fly-by-light  control  system  for  the  tail  rotor.  The 
basic  research  helicopter  corresponds  in  all  essential  components  to  the  serial  BO  105  helicopter.  Only 
the  control  system  for  the  evaluation  pilot  has  been  modified.  The  modified  system  requires  a  two  man 
crew  (evaluation  and  safety  pilot)  when  the  system  is  flown  from  the  evaluation  pilot  in  the  simulation 
mode.  The  safety  pilot  is  provided  with  the  standard  mechanical  link  to  the  rotor  controls.  The  evaluation 
pilot's  control  are  eleetrical/optical  linked  to  the  helicopter  control  actuators.  A  simulation  computer  is 
integrated  in  the  evaluation  pilot's  control  link  which  offers  to  implement  high  authority  control  systems. 
The  helicopter  can  be  flown  in  the  fly-by-wire  disengaged  basic  helicopter  mode,  where  the  safety  pilot 
has  exclusively  the  control,  and  in  *he  fly-oy -wire  simulator  mode,  where  the  evaluation  pilot  has  full 
authority  to  control  the  testbed.  The  fly-by-wi.  e  mode  can  be  switched  off  by  both  pilots  and  can  be 
disengaged  by  the  safety  pilot  by  overriding  the  actuator  inputs  with  specified  control  forces.  In  addition, 
an  automatic  disengagement  system  is  installed  using  defined  limitations  of  the  hub  and  lag  -bending 
moments.  When  the  testbed  is  flown  from  the  evaluation  pilot  s  seat,  the  safety  pilot  has  to  monitor  the 
piloting  task  with  his  hands  on  the  controllers.  This  assignment  of  the  safety  pilot  is  significantly  facili¬ 
tated  by  a  mechanical  feedback  of  the  actuator  inputs  to  the  safety  pilot's  controllers.  A  schematic  dia¬ 
gram  of  the  control  system  is  shown  in  Figure  8. 

Up  to  now  the  testbed  was  used  at  the  Institute  for  Flight  Mechanics  of  DLR  covering  the  objectives 

•  to  develop  and  examine  high  authority  control  systems, 

•  to  realize  an  explicit  model  following  control  system  for  in-flight  simulation  application,  and 

•  to  utilize  the  in-flight  simulation  system  for  handling  qualities  studies. 

The  inherent  high  maneuverability  and  response  bandwidth  of  the  basic  helicopter  is  an  excellent 
precondition  for  realizing  a  high  bandwidth  in-flight  simulator  and  for  a  high  potential  tool  which  can  be 
used  in  the  design  process  of  future  helicopter  control  syr.tem  technology  and  in  the  establishment  of 
credible  rotorrraft  flying  qualities  data,  covering  the  agility  and  preciseness  demands  of  future  missions. 
Since  1982  the  testbed  is  operated  by  the  DLR.  The  realization  of  an  in-flight  simulator  was  started  1985 
by  designing  a  model  following  control  system  which  specifically  meets  the  objectives  of  in-flight  simu¬ 
lation  purposes  [8,9]: 

•  high  flexibility  for  varialion  of  a  broad  spectrum  of  stability  and  control  characteristics, 

•  good  initial  response  characteristics  for  application  in  agile  and  precise  maneuvering,  and 

•  acceptable  mid  and  long  term  response. 

The  most  promising  and  challenging  method  ot  control  system  design  is  to  force  the  basic  helicopter 
to  respond  on  the  pilot's  inputs  as  a  commanded  model.  In  principle,  two  concepts  for  model  following 
control  system  (MFCS)  can  be  distinguished  as  skeletonized  in  Figure  In  an  implicit  MFCS,  the  control 
inputs  to  the  host  vehicle  are  formed  from  the  vehicle  response  (x),  the  pilot  input  (up)  and  the  controller 
The  controller  can  be  composed  of  a  feedback  and  a  feedforward  The  commanded  model  states  (xm) 
appear  only  in  the  performance  criterion  for  the  design  of  the  overall  system.  The  command  model  is 
implied  in  the  controller  which  is  designed  to  force  the  host  vehicle  to  behave  like  the  commanded 
model  (x  — xm).  Any  variation  in  the  commanded  model  needs  a  modified  design  of  the  control  system 
which  opposes  to  tire  required  flexibility  of  the  simulation  system.  An  implicit  mode!  following  system  is 
well  suited  for  the  application  in  operational  helicopters  where  only  a  small  number  of  commanded 
model  configurations  is  required 


in-flight  simulation  requests  the  use  of  explicit  model  following  design  The  commanded  model 
response  (  is  calculated  explicitly  from  the  pilot  inputs  (</,,)  and  is  ted  into  the  controller.  The  controller 
is  not  deoending  on  the  state  and  control  matrix  of  the  commanded  model  To  achieve  a  fast  model 
following  a  explicit  MFCS  is  most  composed  of  ?  feedforward  and  a  feedback  network.  The  feedforward 
works  as  a  compensator  of  the  host  helicopter  dynamics  and,  ideally,  the  feedforward  is  the  inversion 
ot  the  host  dynamics  The  feedforward  controller  is  calculated  front  a  model  ot  the  host  helicopter  (state 
matrix  A  and  control  matrix  B)  A  flight  vehicle  state  feedback  Is  implied  to  minimize  the  influences  of 
noise  and  of  feedforward  diaccuracies  and  to  reduce  the  tendency  of  long  term  drift  in  the  model  fol¬ 
lowing  Consequently,  an  explicit  model  following  control  system  Is  being  developed  for  the  ATTHeS 
in  flight  simulator  j  10,11  j  Greater  detail's  will  be  required,  however,  to  reflect  the  depth  needed  to 
describe  the  integrated  design  of  the  ATT He8  MFCS  Besides  the  control  laws,  the  elements  of  coin 
poling,  actuating  and  sc.tsoring  influence  essentially  lire  overall  performance 

The  qualify  of  the  long  term  model  following  of  A  f !  HeS  is  demonstrated  in  Figure  fO  The  commanded 
model  for  this  example  has  been  a  decoupled  rate  response  system  No  tendency  of  drifts  in  the  altitude 
signals  especially,  can  be  recognized.  The  off  mm  response  in  the  roll  attitude  show  an  saiisfar.fr »rv 
level  of  decou  iir.g  Compared  to  the  remaining  counting  in  the  ATTHeS,  She  basic  BO  105  helicopter 
has  a  coupling  ratio  of  nearly  one  in  roll  due  •<>  pic  h 

hi  designing  lire  ATTHeS  MFCS,  the  feedforward  system  was  emphasized  to  achieve  an  only  slightly 
reduced  quality  of  the  initial  response  chaiucfenstics  i  ompnicb  with  the  basic  RO  105  belli. •npier  Thr 
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calculation  of  the  feedforward  is  based  on  an  extended  8  DOF  mode!  of  ihe  BO  105  which  has  been 
identified  from  flight  test  data  j  1 2 j.  The  extended  model  describes  more  accurately  the  short  term 
response  of  the  BO  105  in  the  roll  and  pitch  axis  which  is  characterized  by  a  coupling  of  the  main  rotor 
tip  path  plane  and  the  fuselage  dynamics.  The  dyn  amic  feedforward  control  is  an  exact  inversion  of  the 
state  sp  ace  formulation  of  the  basic  helicopter  mode!  The  implementation  of  a  well  defined  feedforward 
controller  r  educes  the  efforts  necessary  fo  design  I  he  feedback  loops  In  the  ATTHeS  approach,  a  clas¬ 
sical  network  of  proportional  and  integral  controller  loops  are  applied. 

Figure  II  illustrates  the  effective  time  delays  tor  the  overall  simulation  system  in  the  pitch  and  roil 
axis.  The  time  delays  of  ATTHeS  are  assessed  in  comparison  to  first  order  rate  command  models  in  both 
axis.  In  addition,  the  effective  time  delays  of  other  helicopter  technology  demonstrators  or  simulators, 
equipped  with  a  high  authority  digital  con'rol  systems,  ate  compared  in  the  diagram  [13,14],  The  main 
elements  contributing  to  the  overall  time  delays  are  specified.  The  effective  time  delays  for  the  ATTHeS 
are  about  110ms  fo>  the  roll  axis  and  about  150  ms  for  the  pitch  axis  The  higher  value  in  the  pitch  axis 
results  from  the  slower  response  cP  the  basic  helicopter  in  this  axis  due  to  a  higher  moment  of  inertia. 
The  computational  time  for  the  frame  rate  and  refreshing  rate  contributes  about  40ms.  The  pilot  input 
shaping  needs  about  10  ms  This  small  value  is  only  valid  for  a  center  stick  as  integrated  in  the  ATTHeS, 
A  more  sophisticated  ministick  needs  a  more  sophisticated  data  conditioning  technique  which  yields 
higher  values  for  the  effective  time  delays  as  it  is  illustrated  in  the  ADOCS  result. 

For  an  evaluation  of  the  simulator  bandwidth  capability,  the  phase  delay  and  bandwidth  criteria, 
defined  In  the  updated  military  handling  qualities  specification,  can  be  quoted.  Figure  12  shows  the  roll 
axis  bandwidth  and  phase  delay  of  ATTHeS  and  illustrates  the  potential  of  the  simulation  system.  Com¬ 
paring  Ihe  overall  simulation  system  with  the  basic  BO  105,  a  small  reduction  of  about  1  rad/sec  in  the 
bandwidth  and  a  small  increase  in  tne  phase  delay  have  been  accepted.  Nevertheless,  the  obtained 
short  term  response  characteristics  meet  satisfactorily  the  military  requirements  and  guarantee  a  broad 
capability  to  cover  the  expected  spectrum  of  flight  dynamics  for  future  rotorcraft  systems.  Corresponding 
to  the  bandwidth  assessments,  the  Figure  13  and  14  show  the  frequency  response  characteristics  of  the 
basic  BO  105  and  the  in-  fiight  simulator  ATTHeS  Eigenvalues  characterizing  the  roil  response  of  the 
BO  105  are:') 

®  dutch  roll  dynamics  [0.32,2.86] 

*  coupled  roil  /  rotor  tip  path  plane  dynamics  [0.45,13  14] 

[0.045,14  94] 

•  lead  lag  /  air  resonance 

The  frequency  response  of  the  simulation  system  shows  a  good  matching  of  the  commanded  response 
up  to  the  bandwidth  frequency.  The  mismatch  in  the  higher  frequencies  is  resulting  from  the  additional 
time  delays  and  the  lower  relative  stability  of  the  closed  loop  roll  response.  Increasing  gains  in  the 
integral  controller  especially  reduce  severely  the  relative  stability  of  the  closed  loop  system  [15],  This 
underlines  the  demand  to  design  a  satisfactory  feedforward  which  allows  a  low  gain  feedback  system. 
For  ATTHeS,  the  roll  response  eigenvalue  is  changed  by  the  feedback  gams  to  [0.23,12.90], 

5.  ATTHES  UTIUZArJON  FOR  HANDLING  QUALITY  STUDIES 

The  updated  military  handling  qualifies  specification  for  military  rotorcraft  has  been  published  in  1907 
after  five  years  of  preparation  The  specification  is  based  on  data  and  experiences  from  previous 
development  programs  and  from  recent  theoretical  and  experimental  studies  [16].  The  structure  of  ihe 
specification  and  the  defined  criteria  have  taken  into  .recount  the  new  mission  demands  and  the  inte¬ 
gration  of  modern  cocknit  ana  control  system  technologies  It  is  not  surprising  that  the  data  available 
from  previous  programs  and  from  recently  performed  studies  cannot  be  adequate  to  verify  all  the  cri¬ 
teria.  Many  topics  have  not  been  addressed  up  fo  now,  data  gaps  are  identified,  other  data  are  not 
e-edible  or  the  spectrum  of  She  variation  for  some  parameters  is  not  sufficient.  A  continuous  activity  is 
required  to  increase  the  data  base,  in  general,  and  to  actualize  the.  requirements  by  considering  new 
missions  and  advanced  technology  integration  In  complement,  data  for  the  establishment  of  criteria 
regarding  Ihe  specific  civil  operational  aspects  have  to  be  generated 

As  mentioned  before,  the  generation  of  generic  and  credible  handling  qualities  data  insists  on  sys¬ 
tematic  pilot  in  the-loop  studies  using  general  purpose  test  facilities  with  adequate  characteristics.  DLR 
operates  the  ATTHeS  to  cover  these  objectives  A  test  program,  specifically  planned  to  contribute  to  the 
data  tor  Ihe  updated  specification,  was  a  study  of  the  roll  i espouse  behaviour  required  in  the  NOT  slalom 
flight  ( 17 J  In  these  tests  the  roll  control  sensitivity  and  the  roll  damping  had  been  varied  those  test 
were  recently  conducted  again  with  a  slightly  muddied  si. .item  task  1  racking  phases  have  been  inte¬ 
grated  into  It-  slalom  task  to  address  more  the  short  term  response  characteristic  in  the  piloting  tank 
and,  ernsequf  :ly.  in  the  pilot  ratings  and  comment'.  With  a  first  outer  tale  response  commanded  trr 
the  Mitch  and  roll  axis,  the  parameters  time  delay,  damping  coeflicierd.  amt  control  sensitivity  have  bean 
varied  harmoniously  irt  both  axis  The  damping  coefficient  is  nearly  equivalent  with  the  bandwidth  o!  the 
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system  The  time  delay  parameter  influences  doth  the  phase  delay  and  the  bandwidth  Figure  15  shows 
the  test  data  together  with  the  pile"  ratings.  This  verification  of  the  criteria  boundary  defined  in  the 
updated  military  specification  argues  tor  r  change  <  f  the  slope  in  the  level  boundaries,  for  low  phase 
delays  a  .shifting  of  the  levels  to  higher  bandwidth  values  can  be  recommended  Additionally,  the  test 
data  indicate  a  generally  different  boundary  slope  for  high  phase  delays  The  level  one  boundary  can 
be  drawn  to  have  a  limited  phase  delay  of  about  0  ■  v  to  0  2  sec  for  high  bandwidth.  This  boundary  slope 
would  also  be  in  a  good  agreement  with  the  corresponding  requirement  in  the  military  fixed  wing  spe¬ 
cification,  A  broader  variation  of  bandwidth  and  phase  delay  is  of  interest  to  support  this  statement.  The 
variation  of  bandwidth  phase  delay  configurations  Is  limited  using  a  commanded  first  order  rate 
response  mode!  (see  the  mapping  of  the  rate  command  configuration  in  figure  15).  A  test  program  is 
planned  realizing  attitude  command  model  which  allow  a  broader  variation  of  bandwidth  with  higher 
phase  deiays. 

Another  aspect  was  considered  in  the  tests.  Figure  16  demonstrates  the  influence  of  control  sensitivity 
on  the  bandwidth  evaluation.  This  parameter  is  not  directly  taken  into  account  in  the  updated  handling 
qualities  specification.  Only  if  is  referred  to  the  need  to  adapt  the  control  sensitivity.  From  the  DLR  data, 
the  requirement  can  be  derived  that  the  ratio  of  control  sensitivity  and  bandwidth  shall  be  nearly  con¬ 
stant.  For  a  first  order  rate  system  this  ratio  is  quite  well  assessed  with  the  control  power  measure 

A  third  topic  which  shall  be  discussed  as  an  example  is  the  definition  of  decoupling  requirements.  In 
the  AOS  33  the  pitch-fo-roll  and  roll-to-pitch  coupling  requirement  during  aggressive  maneuvering  is 
defined  in  the  time  domain.  The  ratio  of  the  peak  off-3xis  response  to  the  ors-axis  response  is  required 
for  level  one  to  a  limit  of  25  %  within  the  first  4  sec.  Figure  17  shows  the  examination  for  tire  ATTHeS. 
With  a  fully  decoupled  command  model  the  remaining  coupling  of  the  overall  system  is  clear  below  the 
level  one  boundary  for  moderate  and  aggressive  maneuvering.  But  for  small  amplitude  pilot  inputs  She 
ATTHeS  coupling  level  comes  more  closer  to  the  required  limits.  Especially  the  coupling  time  history  for 
the  small  control  input  points  to  an  effect  of  augmentation  systems  which  is  not  taken  into  account  in  the 
existing  requirements.  It  can  be  distinguished  between  two  types  of  coupling  which  should  be  also 
considered  in  the  requirements.  One  examination  of  a  n  augmentation  system  is  the  level  of  decoupling 
in  the  initial  response.  The  short  term  decoupling  will  be  performed  mainly  by  a  feedforward  corre¬ 
sponding  to  the  control  coupling  of  an  unaugmented  helicopter  The  feedback  system  is  responsible  for 
the  quality  of  the  mid  and  long  term  decoupling.  Indeed,  also  pilots  react  upon  the  types  of  coupling  with 
diiferent  control  strategies.  The  control  coupling  (short  term)  is  controlled  by  use  of  a  crossfeed  whereas 
the  pilot  controls  the  state  coupling  (mid  and  long  term)  like  a  feedback  system  Figure  IB  illustrates  the 
dependencies  of  the  coupling  of  an  unaugmented  helicopter  in  the  frequency  domain.  The  frequency 
response  of  the  roll  rate  due  to  pitch  inputs  indicates  clearly,  that  a  low  frequency  and  high  frequency 
coupling  contribute  to  the  coupling  response 

6.  CONCLUSIONS 

In  this  paper  the  effects  of  new  operational  demands  on  the  development  and  or  the  evaluation  of 
Highly  augmented  helicopters  have  been  discussed  Key  parameters  describing  the  increasing  require¬ 
ments  on 

•  maneuverability, 

•  tracking  preciseness,  and 

•  ayility 

have  been  associated  with  the  definition  of  representative  and  reproducible  flight  test  tasks  and  with  the 
establishment  of  low  risk  test  procedures  for  handling  qualities  investigations 

An  in  flight  simulator  is  an  effective  tool  for  generating  generic  and  credible  handling  qualities  data 
DLR  has  developed  the  ATTHeS  simulator  which  yields  variable  stability  and  control  capability  with  a 
high  level  of  flexibility  The  measured  performance  of  fhe  implemented  explicit  model  following  control 
system  illustrates  the  good  potential  of  ATTHeS  to  simulate  high  bandwidth  helicopter  systems  in  agile 
and  precise  maneuvering 

Exemplary  results  of  handling  qualities  studies  indicate  the  need  to  verify  some  previously  defined 
criteria  The  bandwidth  phase  delay  requirements  for  the  initial  response  of  the  roll  axis  should  be 
modified  in  (he  slope  of  fhe  level  boundaries  f  or  the  format  and  the  measures  of  a  coupling  criteria  it 
is  recommended  to  consider  a  differentiation  between  the  initial  and  the  mid/long  term  response  char¬ 
acteristics 
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Figure  7  AlTHeS  airborne  simulator 
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Figure  11.  Effective  time  delays 
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Agility:  A  Rational  Development  of  Fundamental  Metrics 
and  their  Relationship  to  Flying  Qualities 

C.  J.  Kazza 

Head,  Flight  Dynamics  Branch 
Naval  Air  Development;  Center 
Warminster,  PA  13974 


SUMMARY 

The  results  of  the  first  phase  of  a 
three  year  agility  program  are 
presented.  In  large  measure,  the.  work 
accomplished  to  date  and  reported  in 
this  paper  has  oduced  a  highly  viable 
approach  for  d<  eloping  a  rational 
concept  of  agility  ar.d,  more 
importantly,  for  relating  agility  to  the 
flight  dynamics,  maneuvering  performs: oe 
and  to  the  design  of  aircraft.  The 
flight  mechanics  of  a  rigid  aircraft  in 
three-space  maneuvering  flight  are 
examined  with  respect  to  total  velocity, 
acceleration  and  the  tirae-rate-of -change 
of  acceleration;  the  latter  being 
assumed  to  correspond  most  directly  with 
agility.  In  particular,  the  terms  of  the 
expanded  "agility  vector"  are 
interpreted  with  regard  to  their 
potential  for  providing  a  rational  basis 
for  the  evaluation  of  any  given  set  of 
agility  metrics  and  for  suggesting, 
directly,  a  new  set  of  metrics.  A 
potential  form  of  agil ity  is  offered  for 
which  a  readily  accceptable  relationship 
is  traced  to  both  flying  qualities  and 
maneuvering  performance.  Finally,  the 
remainder  of  the  program  is  outlined  to 
carry  the  work  toward  the  development  of 
a  practical  set  of  design  guidelines  for 
ag  i  1  Lt.y  . 
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paradox  of  "The  Fighter  Airplane  That 
Could"  is  v.  1  known  in  the  combat 
conscious  c<  nun ity ,  i.e.,  the  situation 
in  which  an  aircraft  of  'medium 
performance'  frequently  gains  an 
advantage  over  its  superior  opponent 
(such  observations  having  accounted  for 
the  differences  in  tactics  . nd  pilot 
skill  levels) .  In  many  of  t„use  cases  a 
strict  comparison  of  the  respective 
maneuvering  performance  charts  of  the 
two  aircraft  yield  no  surprising 
discoveries  of  EM  areas  where  the  medium 
performance  aircraft  might  have  a 
distinct  advantage  and  sc,  the 
speculation  of  superior  "agility"  has 
often  been  suggested  as  a  possible 
explanation  for  the  apparent  (?) 
anomaly.  Another  motivation  for 
understanding  and  applying  the  concepts 
cf  agility  stems  from  the  trends  in 
fighter  aircraft,  designs.  Today  we  are 
faced  with  the  real  possibility  of 
designs  which  incorporate  thrust 
vectoring  as  a  means  of  providing  useful 
control  power  well  beyend  normal 
aerodynamic  limits,  i.e.,  the  X-31A. 

Such  aircraft  offer  maneuvering 
capabilities  which  are  unique  and 
largely  unmeasureable  by  ordinary 
maneuvering  performance  methods.  Thus, 
once  again,  the  speculation  of  agi  ity 
arises  as  a  potential  means  of  providing 
us  with  the  engineering  design  control 
required  to  predictably  realize  given 
levels  of  this  "new"  maneuvering 
capability.  All  of  the  above  plus  the 
awareness  of  the  potential  lor  diiect 
force  control  and  our  growing 
understanding  of  high  angle-of-at tack 
aerodynamics,  leads  us  quite  naturally 
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fro®  this  straight  forward  conct.f-t. 
Proposed  agility  metrics  vary 
considerably  f roa  Kalvisti's  Point-and- 
Shoot  (DT)  parameter'1'  through  skow's 
dPs/dt,  tde,  T.R./t<jj«90- ,  to 
Herbst'r  agility  vector  components, 
i.e.,  V,  (Vo  +  wv)  ,  (k  -•  Ssing  - 
gXcosg)  •  '  .  We  find  that  contemporary 
metrics  tend  to  fail  into  one  of  three 
categories:  1  those  which  closely 
resemble  flying  qualities  design 
criteria,  2 . those  which  are  derivative 
tonus  of  energy-maneuverability 
performance  parameters  and  3.  those 
which  are  based  on  the  differential 
geometry  properties  of  tht  flight,  path. 
An  important  fourth  category,  a 
combination  of  the  first  two,  is  very 
prevelant.  The  work  described  in  this 
paper  summarily  dismisses  the  first  two 
categories  on  the  basis  that,  although 
agility  may  be  related  to  flying 
qualities  and/or  maneuvering 
performance,  it  is  beliaved  to  be  a 
uniqely  independant  flight  dynamics 
characteristic  and  that  is  what  is 
sought  in  this  work.  Figure  1  provides  a 
perspective  which  one  can  use  to 
differentiate  between  flying  qualities, 
maneuvering  performance  and  agility.  It 
will  be  noted  that,  in  addition  to 
segregating  flying  qualities, 
maneuvering  performance  and  agility, 
aircraft  'pointing'  has  been 
unambiguously  assumed  to  be  a  flying 
qualities  characteristic ...  and  nothing 
more;  although  its  relationship  to 
agility  is  recognized  along  with  other, 
equally  important,  flying  qualities 
charactsristicc . 

The  point  of  view  which  will  be 
presasented  is  that  agility  is: 

real,  and  not  just  another 
transformation  of  long  existing 
engineering  concepts, 

2-  ppi-que,  in  that  it  is  impossible 
to  completely  define  and  apply  it 
through  our  present  state  of  knowledge 
of  either  flying  qualities  and/or 
maneuvering  performance,  and 

3.  can  be  explicitly  developed  into 
manageable  engineering  terms  which  are 
relatable  to  'proximity  dynamic 
characteristics' ,  such  as  flying 
qualities,  etc.  and  eventually,  to 
aircraft  design. 

A.GJim  ■  _  A  DEFINITION 

Having  indicated  the  wide  disparity 
fcxeisting  with  regard  to  the  definitions 
and  conceptualization  of  agility,  it 
becomes  obligatory  to  offer  yet  another 
definition: 

Agility  la  A  Property  Which 
Character ices  The  Tima-Rata-oi-Change  of 
Maneuver  State  (Acnaleration  State)  jp.  1 
Addrese**.  Ksolusively,  The  Ir*R*A«LtAca 
Of  A  Moving  Body  In  3  -Space. 


in  this  paper ,  the  above  definition  is 
regarded  literally,  with  all  tquat ions 


and  their  development  being  consistent, 
with  the  definition.  A  set  of  corollary 
statements  (assumptions)  accompanies  the 
definition: 

*  Agility  la  A  Characteristic 
Exhibited  By  All  Bodies  In 
Motion 

*  "X'undaKental"  Metric*  Apply 
Equally  To  All  Bodies 
(Controlled  Or  Uneont.ro  11  ad) 

*  Agility  sensibly  Bxiste  In  Any  And 
All  Spatial  Dieenaion* 

(1,  2,  3,  ...n) 

*  Agility  la  A  I.ong-Ter*  Property 
(Non  Steady-States  And  Multiple 

Maneuvers) 

One  further  qualification  is  required. 
Although  the  above  definition  and 
■■groundrules"  refer  to  a  generalized 
rigid  body,  in  this  paper  agility  will 
be  developed  specifically  for  an 
aircraft.  The  basic  equations  and  tne 
operations  performed  on  them  are,  of 
course,  universal  and  can  be  applied  to 
any  rigid  body  in  motion. 


HIE  AGILITY.  VECTOR 

The  rate  of  change  of  maneuver  state 
logically  translates  into  the  rate  of 
change  of  aircraft  acceleration  and,  in 
turn,  to  a  possible  rational  development 
of  agility.  This  approach  reduces  to  the 
derivation,  expansion,  interpretation 
and  application  of  a,  i.e.,  the  agility 
vector;  its  components,  terms,  etc.  The 
agility  vector  will  be  developed  in  two 
different  axis  systems.  One  will  be, 
strictly  speaking,  a  differential 
geometry  approach  and  will  be  derived  in 
the  Frenet.  cr  flight  path  system  while 
the  other  will  be  derived  from  the 
Newtonian  system,  i.e.,  fr£m  the 
consideration  of  F=ma  and  F=ma.  With  the 
Frenet  approach,  it  must,  be  emphasized 
that  only  the  flight  path  geometry  of  a 
point-mass  aircraft  is  considered. 
Although  some  few  investigators  have 
confined  their  studies  to  the  Frenet 
system  exclusively,  the  Newtonian 
development  is  very  revealing  and  offers 
considurable  insight  into  the  aircraft 
design  characteristics  which  may  affect 
agility  directly  (through  the 
development  of  F) .  Both  forms  collapse 
into  the  same  total  agility  vector  (with 
proper  coordinate  transformations) .  The 
Frenet  vector  is  the  simpler  of  the.  two 
and  allows  us  to  see  relationships  to 
maneuvering  performance  more  readily. 

The  Newtonian  vector  and  its  associated 
F„  permits  us  to  more  readily  associate 
flying  qualities  characteristics  and 
aircraft  design  implications  with  its 
components  and  terms. 

The  Frenet:  Development 

Figure  2  presents  a  small  segment  of 
a  general  maneuvering  flight  path 
wf:*i  -  in  no  assumption  of  steady  ;tat«  is 
irplied,  >,*?.,  the  entire  Maneuvering 
state  is  assumed  to  he  continue) ly 
v*i  ’‘.q  with  time.  The  position  of  the 
rigid  body  along  the  flight  path  is 
def  1 1101.1  by  rim  poB.lt.  ion  vector  ,  i  t: 


/  .1 


The  familiar  equations  for  total 


fi 

:c.'Jleration 

follow: 

V 

“  I?  --  st 

(1) 

-  i i  -  St  + 

S2/<:n 

(?) 

figure  2  shows  that  vT  is  coincident  with 
the  t  unit  vector  and_that  a"  lies  in  a 
plane  defined  by  the  t  and  n  unit 
vectors.  The  agility  vector  is  obtained 
by  differentiating  equation  (2)  with 
respect  to  time, 

*  *  f  -  s  t  +  n  dt/dt  + 

(2§s/r  -  ,S‘r/r2)n  +  &2/-  dW/dt.  (3) 

Substituting  for  dt./d*  •-  s/rn  and 
dn/dt  =  --SKt  +  srb,  w«  gel 

a  -■  (s  -  s3/r2)t  -f  ( 3  *; ":/  r  -  k~xr/r2}x\ 

+  f:5  /r,:)  b.  (4) 


Equation  (4)  is  the  flight1  path  axes  or 
Frvnet  version  of  the  agility  vector  and 
res,  be  seen  to  consist  now  cf  three 
components  directed  almig  the  f. ,  n  and 
I»  unit  vectors,  respectively,  figure  2 
shows  this  clearly.  If  we  use  curvature 
*«t)  and  tors;.. or.  (r)  instead  of  their 
reciprocal  equivalents  we  get  what  may 
be  a  more  familiar  version  '-4'  of 
equation  (4) ,  i.e. , 

a  =  ¥  =  (s-s-V^t  +  (3&s*  +  s2x)n 

+  &iSitrb.  (5a) 

a  “  aA  t  +  n  +  £  (5b; 

Referring  to  either  equation  -A)  ?r 
(5),  the  t,  n  and  5>  components  or. 
interpreted  as  the  axial .  curvature  and 
torsional  agility  components, 
respectively.  Each  of  the  three 
components  can  be  thought  of  as 
representing  three  distinctly  d  t  .“rent 
translation  path  types  along  the 
differential  arc  segment  "AB"  in  \  igure 
3.  Figure  3  provides  a  visualization  of 
the  Frenet.  components.  Tho  illust  -'tion 
is  interpret Avely  useful  in  that  -ue  can 
begin  to  get  a  “feel"  for  the.  maks.  -up  of 
an  elemental  translation  in  three-space, 
for  the  roles  of  each  of  the  terms 
within  the  components  and  lastly,  tor 
the  types  of  control  inputs/ responses 
the  aircraft  would  have  to  experience  in 
order  to  effect:  a  given  translation  or 
portion  thereof. 


Tie  Newtonian  Development 

If  we  look  at  agility,  i.e.,  the  time 
rate  of  change  cf  the  translational 
acceleration  of  the  aircraft,  in  a 
Newtonian  or  body-axis  system  of 
equations,  we  can  begin  to  see  not  only 
an  expanded  new  form  of  the  agility 
vector  but  also  the  forces  (aerodynamic, 
thrust,  etc.)  upon  which  agility 
depends.  This,  in  turn,  may  provide  us 
with  a  means  through  which  we  can 
ultimately  derive  tangible  aircraft 
dee. it. -a  control  over  agility.  The 
devel  weent.  is  interesting  and 
nives i ; ng . 


Beginning  with  _ 

y  ma  ( '' ) 

and  taking  the  time  derivative  of  both 
s ides , 

F  *  na,  ( 7 ) 

we  immediately  get  the  fundamental 
relationship  that  agility  depends 
primarily  on  the  transient  behavior  of 
all  of  the  forces  acting  upon  the 
aircraft.  Agility  does  not  necessarily, 
if  at  all,  depend  on  the  quasi-steady 
state  of  tho  forces  as  we  normally  treat 
them  in  solving  equation  (6)  as  wo 
typically  do  to  obtain  response 
solutions  to  given  control  inputs. 
Futhermore,  the  relationship  explicitly 
stated  by  equation  (7)  is  valid  whether 
the  forces  are  linearly  or  non-linearly 
represented..  It  can  be  seen  from  the 
outset  that  the  above  concept,  can  be 
very  effective  in  unraveling  the 
"puzzle"  of  agility.  The  elusiveness  of 
the  understanding  of  agility  .lies  in  the 
realization  that  the  phenomenon  is 
generated  through  what  is  probably  the 
short-lived  but  highly  influential 
transient  behavior  of  the  forces. 
Dwelling  on  this  for  a  moment,  we  can 
well  understand  how  difficult  it  is  for 
a  pilot  to  be  expected  to  evaluate  a 
dynamic  characteristic  which  he  cannot 
possibly  be  able  to  directly  detect.  All 
we  can  expect  is  that  the  pilot  will  be 
able  to  comment  on  the  longer  term 
effectiveness  of  this  seemingly 
intangible  characteristic  and  not  so 
much  on  agility  per  se.  That  one 
observation  tells  us  that  the  problem  is 
not  simple  and  also  that  the 
implications  on  past  and  future  flight 
simulation  or  flight  test  experiments  is 
vast.  Let  us  take  a  closer  look  at 
equation  (7J  and.  develop  it  to  a 
reasonably  interpretable  form. 

If  we  perform  the  .implied  time 
derivation  on  equation  (7)  wc  obtain 

fxT  +  Fyj  +  r?k  =  „ 

m(Si>-i  ■*  &yj  +  izk)  ,  (8) 

where  the  components  of  the  rates  of 
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we iqht  vector  direction.  Equations  (10) 
present  the  body  axis  components:  oi  the 
agility  vector  and  can  be  seen  to 
contain  the  axial,  curvature  and 
torsional  components  of  the  Fre.net 
system  in  a  much  more  distributed  and 
less  comprehensible  form.  The  jj ingle 
axial  Frenot  component  term,  s’,  for 
instance,  is  seen  to  be  contained  in  the 
x,  y  and  z  components  of  u,  v  and  w, 
respectively.  Equations  (9)  and  (10)  are 
offered  principally  for  the  benefit  of 
the  left  side,  i.e.,  the  force  rate 
terms.  Closer  examination  of  ail 
components  and  terms  of  the  left  side 
could  eventually  provide  a  usefully 
different  interpretation  of  the  agility 
vector.  Certainly  this  is  the  case  when 
attempting  to  interpret  the  roles  of  the 
familiar  aircraft  states  of  p,q  and  f 
and  p,  q  and  r  throughout  aircraft 
responses  to  controls  applied  during  a 
set  of  maneuvers  being  examined  for 
agility.  So,  both  equations  (10)  and  (9) 
can  be  of  value  in  agility 
investigations. 

Conspicuous  n  their  absense  from  the 
equal  lone  given  lbove,  are  the  moment 
equations,  L,  M  ar.d  N.  Adhering  to  the 
definition  already  given  which 
associates  agility  exclusively  with 
translational  dynamics,  how  an  aircraft 
rotates,  or  even  if  the  aircraft  hc.s 
sufficient  control  power  to  rotate  ir>  of 
no  direct  relevance  in  describing 
"agility".  How  the  lift,  drag,  etc.  vary 
throughout  aircraft  rotations  is,  of 
course,  considerably  relevant,  because 
these  forces  directly  influence  agility; 
but  we  do  not  have  to  know  i, (t)  ,  M(t) 
ani  N(t)  per  se.  It  is  not  necessary  to 
compound  the  confusion  which  agility 
normally  presents  by  introducing  the 
moment  equations.  The  flying  qualities 
of  the  aircraft  can  well  handle  the 
moment  generation  aspects  related  to 
agility  or  to  any  other  specific  dynamic 
characteristic  of  the  aircraft.  That  is 
why,  although  contrary  to  popular 
notions,  ar.  aircraft  with  a  thrust 
vectoring  system  capable  of  providing 
impressive  ccnto.1  power  especially  in 
the  absense  of  aerodynamic  control... is 
not  more  agile  because  it  can  rotate 
(yaw/roll)  faster,  or.  all,  but 
because  the  main  thrust  direction  can  be 
altered  much  more  rapidly  and  therefore 
the  three-space  translation 
characteristics  of  the  aircraft  are 
enhanced.  This  is  hardly  a  semantic 
argueaant.  It  is  a  logical  eonseqence  of 
the  ordering  of  the  "agility"  arid 
"flying  qualities"  of  the  aircraft  in 
suen  a  way  as  to  provide  us  with 
unambiguous  design  control,  free  of  the 
conflicts  inherent  in  most  contemporary 
concepts  of  agility. 


EXPL0J3AXIQJH  01  K ,  y ,  z 

A  further  look  at.  the  force  rate 
coefficients  in  equations  (9)  ie  in 
order.  We  will  be ^ looking  mainly  at  the 
effect  of  L,  and  Lv  in  the  simplified 
fora  of  L  and  Lein?.  In  order  to  do  this1 
let  us  examine  the  manner  in  which  an 
aircraft  gets  from  point  A  to  point  B 


(say  in  the  same  plane)  through  a  curved 
flight  path  achieved  by  first  rolling  in 
at  A  and  subsequently  rolling  out  again 
so  that  the  aircraft  ie  once  again  in  a 
wir.gs-level  state  at  B.  yjjg  transient 
character  of  .ths. .JLafcgr.al.^CPXge..  buildrup 
(ksii'M),  first  to  accelerate  the 
aircraft  toward  B  and  then  the  lateral 
force  attenuation  to  decelerate  the 
aircraft  in  order  avoid  overshooting  II. 
is  of  paramount  importance  in 
determining  the  agility  inherent  in  this 
maneuver,  Obviously,  throughout  the 
maneuver,  the  flying  qualities  are  of 
equal  importr.nce  in  providing  the 
control  power,  damping,  etc.  for 
acceptable  response  and  precise  control. 
For  the  moment,  however,  let  us  just 
concentrate  on  what  happens  to  the 
tilted  lift  vector  in  order  to  obtain 
the  required  lateral  translations. 

Fiqure  4  presents  the  constructed 
time  history  of  this  particular  maneuver 
in  terms  of  Sa,  An,  AT,,  ■r,  Lsi«  and 
Lsin*.  The  .r.  ire  "brt  ten'1  at  each 

of  the  two  relatively  long  duration, 
steady-stale  (constant  #)  '  urns.  Axso 
shown  in  the  figure  is  a  t.  'p-down  view 
of  the  'planar1'  maneuver,  with  a  number 
key  which  corresponds  to  sicriif icant 
events  on  the  time  traces.  A  small 
amount  of  back-stick  has  beer  assumed  in 
order  to  increase  angle-of-attack  and 
tnereby  attempt  to  compensate  for 
inherent  altitude  losses.  Although  the 
traces  are  not  absolutely  faithful  to 
an  actual  maneuver'  they  will  serve 
adequately,  in  this  synthetic  case,  to 
demonstrate  the  nature  of  'lateral 
agility' 

A  close  look  at  Lain*  and  Lsin* 
reveals  the  manner  in  wh.ch  the  lateral, 
side  force  and  force  rate  due  to  *(t.) 
are  developing  throughout  the  maneuver. 
The  force  rate  term,  iri  particular,  cart 
be  thought  of  as  being  the  dominant  term 
driving  a y  (from  equation  (.’Ob)). 

Readily  apparant  is  the  fact  that  the 
Lsin*  trace  achieves  a  maximum  value  at 
the  pc int  of  inflection  of  the  turn 
maneuver.  Ons  can  justifiably  say  that 
lateral  agility  is  maximum  at  this 
point,  which  intuitively  feels  very 
comfortable;  although  the  equations 
suggest  it  as  well.  Tin#  tiwn  aiao 
um  how  ore  «ay  effect  design  coatral  over 
agility.  If  all  the  stare  parameters 
were  computed  from  an  actual  set  of  aero 
data  ;  rid  examined,  along  with  the 
agility  terras  from  either  equations  (5) 
or  equations  (10)  .  far  more  complete 
analysis  of  this  maneuver  would  be 
possible  and  would  certainly  yield 
effective  correlations  between  b,  D.  T, 
i,  *,...,((:)  and  the  agility  components 
and  terms.  A  complete  dynamical 
analysis,  including  a  6  D.O .if .set  of 
equations  with  fully  coupled  terms  and 
non-linear  aero  is  planned  to  begin  noon 
in  this  study  for  the  above  maneuver  arid 
several  other  families  oi  selected 
Mtfneavei s .  The  relative  et.ee  of 
examining  the  relationship  of  •  .?>•  ing 
qualities  to  agility  ie  apparent  Crow 
bo<  ‘.  th«  equat  ions  and  figuv-t  1 
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Although  the  sensitivity  of  specific 
f lying  qualifies  criteria/ pa rn me t e r n  has 
not  yet  been  performed,  figure  4 
graphically  suggests  that  all  time- 
domain -based  criteria  can  be  readily  and 
directly  correlated  with  agility..  In  the 
case  cited  above,  for  instance,  if  we 
were  to  look  at  r.  complete  set  of  roll 
performance  traces  (p,  4>,  etc.)  we  could 
draw  direct  relnt  lomsliips  between  the 
parameters  of.  roll  dynamics  rnd  agility. 
Further,  we  could  m-sihap*  roll 
response*  iw  order  to  optimis®  agility, 
whether  tfcirovgj  aeroaytujtio  deaiga  or 
through  control  law  tailoring.  i'hus,  we 
have  the  beginning  of  practical  design 
control  for  agility.  It.  was  evident  even 
during  the  construction  of  figure  4  that 
..hangen  in  a(t)  and  L(t)  could 
dramatically  affect  Lain*,  i.e. , 
agility.  In  a  similar  manner  and  to  a 
far  better  degree  of  effectiveness,  one 
could  begin  with  a  full  set  of  dynamic 
equations,  generate  families  of 
maneuvers  and,  using  this  data  ba.se, 
compute  the  agility  terms,  the  flying 
qualities  and  the  maneuvering 
performance  and  be  able  to  relate  any 
one  part  of  the  analysis  to  any  other 
part  and  to  the  whole  as  well.  This  is  a 
degree  of  design  and  analysis  freedom 
that  the  "agility  community"  has  not  had 
to  date. 

Efi.Lmmsjaii>  to  maneuvering  rereqemnce 

The  agility  vector,  Equation  (5a), 
can  be  manipulated  and  rearranged  in 
several  revealing  ways.  If,  for 
instance,  we  recognize  that  s/r  «  v/r 
=  w  and  divide  equation  (5)  by  q,  we 
obtain  the  following: 

I/y  =  (V/g  -  unz)  t  + 

(3wn;{  -  ur r~K,/g)  r. 

+  (uVvg)  r  b  (11) 

The:  first  term  of  the  normal  component, 
n,  i.e.  ,3«nx,  car.  alternatively  be 
expressed  as 

IPs.  or  3"psk-  (.12) 

where  P8jj.  -  'kinetic  specific  excess 
power",  i.e.,  ps  -  fi. 

Muliplying  through  again  by  g  to 
eliminate  the  awkward  &}'gf  we  obtain 


■nzg)  t  + 
( 3b>nxg  - 


:>  .2  • , 
<r>  £  x ) 


t  („vbi  b. 


how  w*  neve  ilk  for  th«  total 

agility  vector  which  i»  directly  related 
to  ail  of  th*  terer  eommoitly  ua*<J  in 
a*«erit»ing  maneuvering  p*rf onsenoe, 
i  v». v  (airspeed  or  Mach  no.),  (tur.i 
rate) ,  a*  (normal  load  factor)  and,  for 
*11  intent*  and  purposes ,  tm  (specific 
Bxce.js  power)  .  in  addition,  the  axial 
load  factor,  *»*,  ap  wa :  .s  ui  the 
curvature  component  anti  ever,  the 
tot  ii  ior.al  coiBpt.ne.-M-.  bee  ins  to  took  a 
little  friendlier  in  ‘act,  the  ent ire 
.  uj  i  1  1  1  y  vector  is  ,  ;  c-  -  -■  *  more 

-  ’  a  o  1 1  y  inter  p  r  e  t.  a  b  l  e . 


CQUmiSIMS 

This  work,  to  date,  has  produced  a 
rational  and  well  structured  model  for 
agility.  It  has  been  consistent 
throughout  and  has  neither  supplemented 
existing  ambiguities  in  contemporary 
agility  concepts  or  introduced  any  new 
ambiguities*.  Futhermore,  this  agility 
model,  nas  been  shown  to  be  easily  and 
directly  related  to  both  flying 
qualities  and  maneuvering  performance 
and,  quite  naturally,  to  aircraft 
design.  As  such,  the  model  is  expected 
to  serve  well  in  continuing  on  with  the 
investigation  of  aircraft  agility  nnd, 
further,  offers  r.he  promise  of  doing  so 
in  an  engineeringly  practical  warmer. 

Subsequent  phases?  of  this  study  will, 
include  the  examination  of  a  wide 
variety  of  existing  and  newly  generated 
off-line,  manned  simulation  and  flight 
test  data  bases  for  an  equally  wide 
range  of  fighter  aircraft  types.  In  add- 
ition,  existing,  contemporary  "agility 
metrics"  will  be  re-examined  in  term  of 
this  agility  model.  These  relationships 
with  both  flying  qualities  and 
maneuvering  performance,  incompletely 
developed  iri  this  paper,  will  bo 
expanded  considerably  and,  i.n  turn,  a 
more  unified  set  of  "flight:  dynamics 
design  criteria"  will  be  sought  to 
replace  the  fractured  and  minimally 
adequate  flying  qualities  design 
criteria  currently  in  use  for  high 
angle-of- attack  flight  conditions,  i.e., 
for  up-and-away  combat  environments. 
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Figure  I.  Time/Spatial  Relationship  Between  Flying 
_ Qualities,  Maneuvering  Performance  and  Agility 
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Design  of  an  aircraft  for  use  at  high  angles  of  attack  can  have  major 
inplications  on  the  configuration  which  is  chosen.  The  objective  of  tins 
paper  is  to  review  the  implications  of  designing  for  high  arigla  of  attack  on 
configuration.  'ibis  naturally  leads  onto  consideration  of  agility  and  the 
criteria  which  could  be  used  in  the  early  design  stages  to  ensure  an  aircraft 
is  adequately  agile.  A  number  of  questions  are  raised  which  cannot,  as  yet, 
te  answered  on  a  general  basis.  .Sere  questions  will  not.  be  twswered  until 
further  research  is  put  in  hard  aid  the  results  of  existing  experiments  are 
made  available. 
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Tte  objective  of  this  paper"  is  to  review  tlie 
ijnpi.icatio.is  of  designing  for  high  angle  of 
attack  with  particular  rsiphasis  that  this 
has  or.  the  basic  choice  of  aircraft 
cor  .f  igu  ration . 

flood  handling  qualities  are  the  result  of 
octrbming  goexi  oasic  aerodynamic 
characteristics  with  a  robust,  tolerant  flight 
control  system  When  an  aircraft  is  'agile1 
ard  reqpuirtd  to  use  high  anq.le  of  attack  in 
ociibat  manoeuvring  in  order  to  gain  tactical 
advantage  ever  an  opponent,  these 
interdeperc  eneies  become  particularly  evident. 

The  overall  choice  of  configuration  is 
achieved  try  a  blend  of  a  number  of  often 
conflicting  requirements.  This  paper  will 
examiiw  oenfiguratian  aspects  which  relate 
specifically  to  handling  qualities  ard  high 
•angle  of  attack  marraauyring.  However,  the 
paper  proposes  that  in  relation  to  'agility' 
the  examination  must  go  further  then  just 
aerodynamics  ard  handling  qualities. 


It  is;  suggested  ttet  a  tetter  understanding  of 
what  is  meant  by  'e.gility'  can  be  gained  from 
cons i  derat  i  cn  of  the  total  weapon  system 
capability,  in  which  the  aircraft  mc.."ioeuvra 
capability  is  just  one  factor.  'Fighting 
qualities'  might  te  a  better  term  to  use. 

A  number  of  questions  are  raised,  which  cannot 
be  properly  answered  on  a  general  basis. 
Answers  must  be  decided  on  an  individual 
project  basis,  indeed,  sons  questions  will 
not  tje  answered  until  further  research  is  put 
in  hand  aid  the  results  of  existing  research 
are  made  available. 
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Intermit,  in  high  angle  of  attack  (A ol\)  lias 
always  been  associated  with  defining  the 
limits  oti  aircraft  manoeuvrability. 
Historically,  tills  was  typically  associated 
with  investigating  ttie  wine/  stall  and 
associated  phenomena  ard  any  higher  anq 1 e  of 
attack  work  related  to  the  spin  and  recovery 
behav  tour . 

However,  over  ttia  last  twenty  five  years, 
aerodynamic  and  control  systems  technology 
have  progressed  such  that,  for  many  aircraft,, 
wing  stall  is  not  a  1  Unit  under  many 
conditions  and  maximum  lift  occurs  at 
significantly  higher  AnA. 

All  aircraft  are  required  to  fly  at  max.iimm 
usable  lift,  or  within  a  margin  thereof,  at 
sane  point  during  their  operation,  'the  term, 
high  AoA,  will  mean  different  things  depending 
on  tiie  design  role  of  the  aircraft,  but  it 
will  generally  be  associated  with  the  AoA 
regime  around  maximum  lift  and  above. 

Cfcebat  aircraft,  aid  combat  trainers,  are 
frequently  called  upon  to  ofierate  at  maximum 
lift,  or  dace  to  it.  Figure  1  illustrates  a 
typical  combat  scenario,  starting  at  a 
moderate  speed  ami  altitude.  Tf  the  initial 
engagement  does  not  result,  in  a  kill  and  the 
opponents  do  decide  to  mix  it,  the  fight  will 
inevitably  degrade  to  low  speed,  maximum  lift 
conditions  as  the  opponents  seek  for  the 
firing  opportunities, 

'Iti.is  plot  was  generated  many  years  ago,  but-,  it 
captures  the  essiential  features  which  ranain 
true  for  this  tgpe  of  one-on-one  engagement. 

Obviously  the  better  an  aircraft's  control 
around  maximum  lift,  then  the  less  .likely  a 
mistake  in  handling  the  aircraft  is  to  lead  to 
the  opponent  winning  by  default.  Such  losses 
were  all  too  cannon  in  fclie  years  between  194G 
£  d  1970,  with  advantage  changing  from  one 
side  to  tiie  otiier  as  technology  developed. 

Figures  2  and  3  illustrate  the  typical 
features  which  limit  the  aonventiaal 
manoeuvrability  of  an  aircraft.  The  overall 
oenstraints  are  provided  by  design  strength 
limits  and  maxim  m.  usable  .'.iff.  Figure  ? 
indicates  how  this  relates  to  turn  rate,  or 
the  ability  to  turn  the  aircraft's  velocity 
vector,  without  rolling  the  air-raft.  Usable 
lift  equalling  maximum  lift,  provides  the  other- 
upper  oonstraint  ard  use  of  higher  AoA  miy 
increase  normal  force,  but  reduce  the  turn 
rate.  Thrust,  provides  a  limit  on  the  abil  ity 
to  sustain  the  turn,  due  to  the  increasing 
induced  dnjg, 

a 

Figure  3  looks  at  the  type  of  phenomena  which 
could  limit  usable  lift.  Sane  oarfiguratiais 
may  become  uncontrolled  or  exhibit 
una<  adaptable  handling  qualities  before  maximum 
lift  is  achieved.  Good  aerodynamic  and  flight: 
control  sytjteo  design  should  ensure  that  this 
is  not  the  case,,  but  it  may  cause  ocsqprauLse 
of  other  aspects  of  the  aircraft  oonfiquiat  ion 
design.  As  axasples,  a  large  fin  which 
prxividfes  high  A ok  directional  stability  may 
cotupromiaa  aircraft  signature,  ar  ncee  nhape, 
which  also  influences  direct lossal  stability 
and  yaw  damping  (referace  1) ,  can  be 
influsk-ioad  by  radar  installatior  and 
per  t  onoance  ratjjlreswants. 


As  noted  earlier,  high  AjA  will  mean  dider.ent 
teirgs  cloponding  on  ttwi  role  tire  aircraft  is 
being  designed  for.  Figure  4  categorises  tile 
various  typos,  indicating  what  wwild  lxs 
considered  as  high  AoA  for  ouch.  On  a 
transport,  design,  high  AoA  would  be  likely  to 
embrace  the  wing  stall  i.e.  anywhere  between 
15°  and  periiaps  30°,  depending  on  the 
sophistication  of  the  wing  high  lift  devices. 
Bqually,  a  cxitiat  aircraft  designer  would  now 
define  it  on  the  region  beyond  maximum  lift, 
i.e.  firm  25°  upwards,  and  this  would  embrace 
post  stall  manoeuvre,  loss  of  control  or 
spinning  as  appropriate. 

Tvschnology  developments  in  aerodynamic  design 
and  in  design  of  flight  control  systems  liave 
enabled  substantial  increases  in  tiie  maximal 
AoA  that.  can  be  contemplate!  without,  loss  of 
control,  as  slxown  in  figure  5,  ard  described 
in  reference  2.  Only  a  few  years  ago,  the 
hii  i  AcA  message  that  could  be  given  to  any 
pilot  was  'the  aircraft  spins,  so  don't!',  as 
even  if  it  recovered  quickly,  the  altitude 
loss  and  spatial  disorientation  cculd  still 
result  in  an  accident...  (And  deliberate 
spinning  ceased  to  be  a  viable  combat 
manoeuvre  very  many  years  ago,  if  it  ever 
was! ) 

Now,  a  totally  different  scene  is  emerging. 
Aircraft  can  be  designed  which  are  protected 
from  loss  of  control ;  some  may  not  lost?  a  Lot 
of  altitude  in  higti  AoA,  but  it  really  depends 
on  the  duration  of  tee  manoeuvre  as  to  how 
much  energy  is  lost,  either  kinetic  or 
potential . 
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It  is  self  evident  that  the  major  influence  on 
an  aircraft's  configuration  is  tee  role  lor 
which  it  is  designed. 

Let  us  briefly  look.  at.  how  the  configuration 
is  affected  by  the  choice  of  roi.e  ancJ  related 
raq^iinsrei  its . 

Firstly,  the  role  will  dictate  pryload,  range, 
performance  and  manoeuvrability  loequirements. 
It  will  now  almost  certainly  include 
requirements  relating  to  aircraft 
detectability,  i.e.  signature,  covering  radar, 
infra-red,  critical  and  possibly  acoustic 
signatures.  It  will  also  dictate  any 
supersonic  requirements. 

Fianulr.ii xj  from  these  nxjuiranents,  the 
engineers  will  decide  ar  wiirg  platform,  wing 
area  and  wing  sweep.  They  will  also  decide  on 
whether  the  aircraft  should  have  a  tailplane, 
canard  surface,  both  or  be  tailless.  This 
will  also  relate  to  the  stability  levels  which 
can  be  assumed,  as  these  are  dictated  by 
consideration  of  trim,  perfonranoe  and  control 
system  gain  capability.  The  level  of 
ccuplexity  required  in  tiie  PCS  and  assoc.i  ated 
edectrical  and  hydraulic  applies  in 
determined  by  whether  tite  basic  aircraft  is 
stable  or  unstable,  tee  need  for  carefree 
handling  and  the  A  A  range  to  be  covered. 
Signature  will  play  a  part  in  dictating 
control  positioning  and  general  ’shape' .  A 
choice  will  be  made  regarding  weapon  payload, 
whether  it  should  be  internal  or  external , 
which  again  affects  size,  performance  anil 
signature.  In  turn,  these  affect  the  choice 
of  engine  arid  engine  cycle.  Finally,  at  least 
a«  far  as  we  are  concerned  within  this  pajaer. 
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the  manoeuvrability  requirements,  in 
acmtiination  with  si  jsing  and  planforra,  dictates 
the  high  AoA  use  of  the  aircraft:. 

In  deciding  tha  AoA  tte  aircraft  mush  fly  to, 
this  again  As  a  parameter  which,  because  of 
the  need  to  retain  good  control 
characteristics,  will  inpact  on  wing  planform, 
aircraft  shape  and  layout.,  control  sizing  aivl 
chosen  stability  levels. 

As  can  be  seen,  there  ara  a  large  number  of 
aspects  that  the  design  engineers  must 
consider  in  the  formative  stage,  and  a 
significant  number  of  the  considerations  will 
impact:  directly  on  the  behaviour  of  tiie 
aircraft  at  high  angle  of  attack.  Figure  6 
sumnarises  the  various  asfiects  that  have  to  be 
considered. 
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If  we  look  more  closely  at  how  basic 
configuration  design  relates  to  handling 
gual  itJ.es,  than  tire  AoA  the  aircraft  is 
required  to  achieve  to  fulfil  its  objectives 
lias  a  significant  influence. 

In  setting  about  designing  an  'agile' 
aircraft,  which  is  what  the  user  says  lie 
wants,  and  in  this  context  one  might 
distinguish  the  user  from  the  customer,  it  is 
important  to  recognise  the  relation  of 
hai idling  qualities,  aerodynamics  and  the. 
f  1  iqht  control  system  (FCS) . 

For  example  as  shewn  in  figure  7,  the 
configuration  layout:  determines  the 
aerodyiiaraics,  in  terms  of  stability,  control 
power  and  the  aerodynamic  damping.  Ihe  degree 
of  non-linearity  in  ail  of  these  can  also  be 
determined  by  the  configuration,  but  tha  major 
term  at  a  given  Mach  number  is  AoA. 

It  is  then  the  tasks  of  the  FCS  designers, 
flight  mechanicists  and  aerodynamic is ts  to 
ensure  that  tine  handling  qualities  and  safety 
requirements  are  achieved.  This  may  result  in 
sane  degree  of  reconfiguration. 

Siirple  criteria  (references  3-6)  can  assist 
with  critical  configuration  evaluation,  based 
ujion  tha  basic  aerodynamics.  Whilst  being 
useful  as  guides,  they  fall  sixirt  of  accuracy 
too  often,  as  noted  in  reference  7,  and 
progressively  none  complex  criteria  have  been 
developed  to  try  and  account  for  the 
additional  terms,  see  references  8  aid  7  for 
example. 

Out  what  handling  qualities  should  we  design 
to?  Various  seta  of  criteria  exist  which  one 
raighc  start  with,  for  example  references  9  to 
13,  see  figure  8.  in  addition,  otter  criteria 
can  be  used,  such  as  those  relating  to 
response  shaping  and  flight  path  control .  see 
references  12-16.  These  are  probably  more 
relevant  when  high  levels  of  augmentation  are 
required.  Then  the  trick  is  to  provide  crisp 
response  with  high  levels  of  damping. 
Underlying  it  all,  though,  is  a  very  basic 
tmeaaga}  the:  KS  is  only  -as  good  as  ‘in 
aerodynamics  and  can  only  mate  up  to  a  i  iai  ted 
extent  for  poor  design,  either  in  tho 
configuration  and  its  associated  aerodynamics 
or  in  the  FCS  itself,  its®  procedures  followed 
at  Hte*  are  illustrated  in  figure  9. 
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Onon  tl»  basic  handling  is  set  out,  it  is 
essential  that,  the  large  perturbation  or  gross 
manoeuvre  aspects  are  examined.  TV's 
nun-1  imvar  effects  of  aerodynamics,  control 
system  and  actuation  systems  must  to 
invest igated,  particularly  if  the  aircraft  is 
to  be  agile  and  'carefree',  or  ' care- less '  in 
its  handling.  A  distinction  of  the  latter  two 
terms  is  important.  The  former  implies  the 
pilot  can  do  anything,  the  latter  anything 
reasonable.  Tha  distinction  ccxild  be  worthy 
of  a  complete  meeting  on  its  own! 

In  addition  it  is  necessary  to  ensure  tiiat 
■satisfactory  safety  levels  are  achieved  under 
all  mance.rvring  conditions.  In  simple  terms, 
this  moans  that  potential  loss  of  the  aircraft 
must  lx*  avoided  in  ail  reasonably  probable 
system  failure  states. 
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Almost  inevitably,  discussions  relating  to 
carefree  handling  arid  high  AoA  tend  towards 
the  subject  of  oenbat  aircraft  agility.  A 
diction ury  def  ini's  agility  as  'quickness  of 
motion,  nimbleness  and  readiness'.  Obviously, 
the  essential  element  is  time,  in  particular 
tiie  time  to  achieve  a  given  change  cif  state  of 
the  aircraft. 

A  definition  of  what  we  mean  by  agility,  as 
applied  to  a  combat  aircraft,  is  given  in 
figure  10.  The  part,  played  by  handling 
qualities  and  conventional  manoeuvrability  eire 
fairly  clear.  They  relate  to  changing  of  tiie 
aircraft's  velocity  vector  and  the  ability  to 
control  the  changes.  Most  of  the  basic 
current  handling  qualities  requirements 
identify  the  sort:  of  behaviour  to  aim  for,  but: 
only  for  comparatively  low  incidence 
conditions. 

In  recent  years,  a  number  of  criteria  have 
been  put  forward  which  art  intended  to  aid  the 
configuration  design  assessment,  sea 
references  2-8  and.  20.  Whilst  all  have  their 
uses  and  may  be  a  reasonable  guide  for 
conf igurat icn  design  work,  furthur  work 
remains  to  provide  a  set  of  universally 
accepted  criteria.  A  clear  understanding  of 
the  limitations  of  any  method  will  bs 
essential  for  successful  application  of  the 
criteria . 

The  major  difficulty  lies  in  deciding  what 
level  of  performance  is  required  at  elevated 
voA,  away  from  tire  ox  id  i  titans  close  to  level 
flight,  particularly  about,  the  roll  axis,  'hie 
prime  objective,  certainly  within  the  United 
Kiixydan,  has  been  to  ensure  that  rolling 
motions  are  coordinated,  i.e.  that  sideslip 
is  Minimised,  over  the  AoA  range  for  which 
lulling  is  to  tie  performed.  This  means  that 
tiie  aircraft  is  constrained  to  roll  about  tin? 
velocity  vector,  the  wirri  axis,  by  appropriate 
iyn  ot  tiie  FIS. 

Ifcxiever,  it  is  essential  to  reoognise  tiro 
consequences  of  doing  this,  particularly  an 
inertiaily  slander  configurations  typical  of 
high  performance  ccubat  aircraft  which 
exaggerate  the  incjtlal  coupling  effects. 

Figure  i  1  Jews  ttie  sort  of  r.s!  I  performance 
that  might  be  sought  if  the  maximum  AoA  in 
limited,  this  leaves  a  roll  capability  at 
either  maximum  norma]  acceleration  ana  at 
maxiarw  lift.  A  constant  roll  per  forawsoe 
ixxrid  be  specifier!,  tort  would  liave  siqulf 


inplicatioeiei  cm  both  aircraft  structure  and 
the  sice  of  tlia  pitch  control .  Figure  12 
illustrates  the  latter  aspect  . 

VvtVEVt  rolling  at  high  aoA,  a  nose*  up  pitching 
moment  Is  generated  via  inertial  coupling  and 
the  pitcii  control  has  to  be  able  to  cverocme 
this  term  in  order  to  allow  control  of  Ate  in 
tiie  roll.  Failure  to  achieve  tills,  by 
inadequate  pitcii  control  powar  or  excessive 
roll  rate  will  lead  to  a  pitch  up  and 
departure.  Tlie  concept  of  pitcii  recovery 
margin  is  well  known  and  becomes  particularly 
significant  on  aircraft  configurations  rivit 
are  .longitudinally  instable.  ,\  simple 
expression  can  be  used  to  evaluate  the  pitch 
acceleration  term  for  a  co-ordinated  wind  axis 
roll,  viz 

2  , 
cj  =  1/2  p  sin  2  <x 

where  p  is  the  aircraft  body  axis  roll  rate 
and  of  iu  aircraft  angle  of  attack. 

Mctig  with  these  criteria  for  roll  rate  as 
functions  of  AoA  and  normal  acceleration,  roll 
acceleration  needs  to  be  addressed.  It  is 
important  that  tills  be  adequately  high;  good 
acceleration  sliould  imply  good  control  effect 
rather  than  lew  damping  in  order  to  ensure  the 
roll  can  decelerate  as  well.  Naturally,  tliis 
could  size  the  roll  control  .iui/or  actuation 
system.  However1,  too  higli  a  value  is  alro  to 
be  avoided.  'The  pilot's  iieod  is  usually 
situated  above  the  roll  axis  and  liigh  roj.i 
aooeleration  can  cause  ex-treat'  discomfort. 

For  any  configuration,  tiie  maximum  acceptable 
level  of  roll  aooeleration  can  be  set  by 
consideration  of  the  geometry  relating  tie 
pilot's  head  position  to  the  roll  axis. 
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All  of  the  foregoing  cements  on  agility 
relate  to  tlie  more  ooTventional  fliglit 
dynamics  assorts .  Rapid  change  of  state  is 
clearly  inportant,  but  what  otiier  aspects  of  a 
oembat  aircraft  should  be  considered? 

A  number  of  systems  in  addition  to  tt>e  Fits, 
play  a  part,  in  providing  the  pilot  with  an 
agile,  capable  aircraft.  Some  have  major 
influence  on  the  choice  of  configuration. 
Figure  13  summarises  the  essential  elements. 

There  is  the  engine  to  consider,  in  terms  of 
response  characteristics  to  throttle  movement 
and  airframe  ccrpatibil  ity  and  close 
integral  inn  wich  tha  PCS  is  likely  to  be 
required  to  achieve  optimum  performance.  ’die 
irrtake  must  provide  adequate  surply  and 
quel  ity  of  air  and  minimise  stall  or  surge 
likelihood,  even  whilst  the  aircraft  engages 
in  extreme  manoeuvring.  'This  could  lead  to 
choice  of  inlet  position  arid  define  any 
variable  geometry  requirements.  .Similarly, 
tha  nozzle  has  to  be  integrated  with  the 
afterbody,  and  this  way  feature  thrum 
vectoring  or  reversing  controlled  by  tlx?  Kb. 
Along  with  «1J  of  this,  both  have  major  impact, 
on  signature. 

The  avionic  system  plays  a  ;,zs  jor  role.  This 
needs  sensors  and  processing  to  identify 
targets,  determine  priorities  and  present 
Information  simply  and  clearly  to  the  pilot 
such  that  he  oar*  ounoent-ate  on  tactics  in  tiki 
bat- le.  A  high  level  of  integration  is 
required  to  achieve  tins  after  ail,  does  fix; 


pilot  really  care  which  sensor  toil  him  of  the 
threat  to  him?  ftirhaps  he  would  prefer  a 
system  to  eay  ’tliat  is  the  threat  you  iiad  not 
seen,  and  that  bang  was  me  launching  a  '-napon 
at  it. ' . 

Finally  there  is  weapon  release.  It  is  of 
little  use  to  be  able  to  point  at  the  target, 
oj  close  enough  to  came  within  the  seekers 
field  of  view,  if  you  canncrc.  maintain  the  view 
long  enough  to  acquire  the  target  and  iaurxh  a 
missile,  With  a  gun  if.  may  be  possible,  but 
how  cto  you  launch  a  missile  at  very  high  AcvY? 

If  all  the  sywt«tf>  and  capabilities  match,  you 
have  a  formidaole  weapon  system. 
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Several  very  basic  design  criteria  can  be  used 
to  clioose  an  aircraft  configuration  such  that 
it.  has  good  high  angle  of  attack 
character Lstics .  Af  ter  all,  tne  PCS  can  only 
make  good  deficiencies  in  the  aerodynamics  to 
i  point,  and  if  tha  design  reaches  or  exceeds 
that  point,  'he  results  can  be  disastrous. 

For  most  combat  aircraft,  the  wing  is  designed 
with  sustained  turn  rates,  gust  response  and 
minimised  sr;w;  ■•'•vio  drag  (where  applicable) . 
in  addition,  suvlth  ic  now  a  major 
consideration,  "his  lecds  to  .xjipronu.se  of 
sweep,  area  and  span.  But  there  are  Limits  to 
be  observed  wt>ich  relate  to  pits  h~up,  as  shown 
.'n  figure  14  (reference  .17).  strictly,,  the 
criteria  applies  the  wing  and  tody  only, 
but.  it  is  indicative  of  possible  problems  ever, 
for  tailed  aircraft.  Obvicxisly  for  canard  or 
tailless  configurations  it  is  significant,  l't 
is  also  dear  that  camber  and  twist  can  .rodify 
tlie  situation. 

Fin  sizing,  and  indeed  fin  positioning,  :.re 
crucial  for  good  high  AoA  hurdling. 

Supersonic  designs  usually  have  adequate  tin 
Area  and  yaw  control  power  at  high  AoA  and  the 
sizing  criteria  might  be  associated  with 
rolling  tlie  aircraft  at  supersonic  speed.  For 
subsonic  aircraft,  the  high  A ah  regime  is 
likely  to  be  the  sizing  criteria,  which  can 
make  the  design  cask  more  complex. 

Control  surface  sizing  is  crucial  to  high  AoA 
handling.  .Again,  sizing  for  supersonic  high 
speed  flight  ensures  adequate  actuation  power 
and  physical  size  nay  be  dictated,  for  example 
by  providing  adequate  roll  control  for 
croeswind  landing.  Use  of  all  moving 
controls,  particularly  tails  is  very 
beneficial.  For  trailing  edge  controls,  it:  its 
necessary  to  observe  maximum  angles  and  chord 
sizes,  ua  effectiveness  reduces  with 
increasing  either  too  nnch.  Figu*  •?  )‘>  shews 
the  sort  of  trailing  edge  deflection  that 
might  result  if  you  wish  to  trim  aid  cont  red 
using  a  trailing  edge  flap  which  a)«n 
stabilises  tlse  aircraft  ir>  pitch.  Maximum 
wrle  is  dictated  approximately  by  Urn*  point 
at  wr.ji.ii  control  power  is  halwd. 

lotebu  ty  sliaping  lias  beeri  tine  subject  ol 
numerous  studies  in  recent  years,  part  nil  uiy 
in  relation  to  high  AoA  (sea  references-  i,Hi, 
and  19  for  example) .  It  is  possible  to 
generate  shapes  which  give  staid lising 
directional  effects,  lust  at  the  risk  of 
producing  propelling  naiwits  In  the  evert  of 
.loss  of  ct.vitn.ii  ritxi  fsjtenj.sfn*  spin.  o. iin.i 
torero..' tea  give  ixamifits  by  s.xni.i oi  1  irst  r ' .  ■ . 
sppai  at  ion  points,  ttwy  offer  live  powsibi  1  ity 


2H  5 


of  additional  cont:x>.l  in  yaw  at  .high  AoA,  by 
varying  the  separation  point  in  a  controlled 
manner  geometrically,  or  by  blowing  or  sucicing 
to  altar  vortex  strengtlis.  Ibis  latter  effect 
can  be  applied  to  any  noso  shaping.  Chines 
are  also  extremely  effective  for-  reducing  the 
nose  contribution  to  signature. 


ggLBimBfig-  to  _hl 

mjasnsm. 


It  is  clear  that  an  a.  at  all  perspective  of  the 
total  weapon  system  capability  required  is 
essential  when  deciding  the  oonf iguration  and, 
in  particular,  the  need  to  operate  the 
aircraft  at  or  significantly  beyond  the 
maximum  lift  point. 

If  tl*  perception  is  that  use  of  the.  aircraft, 
at  AoA  significantly  above  maximum  lift  is 
required  •’hen  it  is  essential  that  the  aspects 
set  out  in  figure  lb  are  addressed. 
Optimisation  of  the  configuration  may  be  made 
more  difficult  as  an  additional  requirement 
lias  been  added.  Studies  will  be  required  to 
determine  whether  this  would  lead  to  penalties 
in  airframe  or  engine  mass,  ccnpiexity  of 
aerodynamics  or  PCS  design,  reduced 
performance  over  tlie  rest  of  the  flight 
envelope  or  increase  the  overall  design  cycle 
timescale  and  oast. 

By'  comparison,  if  a  configuration  is  chosen 
which  utilises  maximum  lift,  albeit  with 
•carefree'  ha. riling,  then  the  engineering 
cranpromise  may  be  simpler,  as  indicated  in 
figure  17.  A  oonfiguratian  more  optimum  for 
conventional  perforrtrinoe  may  result,  and  this 
could  certainly  benefit  such  aspects  us  weapon 
release.  The  design  cycle  time  and  cost  may 
be  less,  due  to  cxpstraining  the  vehicle  to  a 
flight  regime  which  is  perhaps  more  readily 
predictable. 


Tin-,  fundamental  qi*s»+.ion  to  be  answer.*!  is 
shown  in  figure  18  and  relates  to  whether  or 
not  AcA  shall! d  to  limited.  In  the  end,  the 
question  will  recta  x?  to,  'What  is  it  that 
natters?'  Is  it  turn  rate?  is  it  turn 
radius?  ir.  it  the  ability  to  control  the 
aircraf  t  such  that  the  wnup*n  system  can  lock 
on  to  a  target  vui  fire  a  weapon? 

lb  answer  sl>«.i.  i  be  the  last  of  these,  but 
that  then  letobs  to  bow  do  we  ensure  tik_t 
capability  in  the  desig,  stage  witli  mim'imim 
<tevclopsent?  It*  answer  Is  not  reab»y 
aval  able  <s  yet.  It  on ry  depend  on  particular 
project  rwcjuinsnait#!  ev  cpori  the  d@wigr.erj. 
cfrjaee  to  interpret  .such  raqu  jr.-merits. 

It.  could  to  exjosidit  ed  that  .  f  rapid  weapon 
pointing  is  really  whit  we  arc  .xu  h>  •  Ur. t: 
should  vw  adopt  ’alternat  >  •’*?  terv  iiiol  y  airl 
return  to  aircraft  ran*’  A  -•  fev.turin::  i  ,rret.<.. 

It*  persona*  view  of  the  authors  is  that  '  i* 
usefulness  of  1ST  rvtmiras  to  to  damn:'  i  rat  --  i. 
part  iculaily  if  It  lonts  a  ojripr'v.istt  i... 
cunt  ■  jnjtian  wfi'  o.  affects  otner  (wrt'orxvux*,. 
or  agility  naranvters  or  nsulfa  in 
unjosrifab.se  ir,  Tease  in  aueplex.lt.y  nt  xni  . 

T.t  is  likely  to  require  significant 
development'  of  weapon  f,y st ecu  avionics,  vs  .*[<», 
nsltwiit!  cm;  i  < xfyraml  <  sv  and  weapon  bNUitohor 
syst  «ne»  in  order  to  arx-me  the  fuil  ac.'varif  .ac*. 


No  doubt  the  X— 31  will  address  acme  of  tl*se 
questions.  It*  answers  are  awaited  with 
interest. 


io  sojsafiBxrMe 


Vhilst  a  definitive  set  of  conclusions  cannot 
be  provided,  indeed  it  would  be  presunptuais 
to  do  so  given  the  state  of  the  art,  a  summary 
of  where  wa  stand  can  be  made. 

1  current  design  techniques  can  result  in 
highly  manoeuvrable  aircraft  which  are 
limited  only  by  the  structural 
constraints  on  the  air-frame  and  the 
boundaries  beyond  which  the  PCS  would  no 
longer  control  the  aircraft. 

2  To  produce  an  agile  aircraft  with 
exceptional  fitting  qualities,  then  it 
is  essential  not  only  to  consider  tie 
handling,  but  also  the  performance  of  the 
overall  weapon  system.  This  includes  the 
engine,  avionics  systems,  cockpit 
displays  and  weapon  release  systems. 

3  The  usefulness  and  cost  effectiveness  of 
extreme  post-stall  manoeuvres  remain  to 
be  proved  and  the  experiments  currently 
in  hand  will  prove  useful  in  helping 
designers  choose  the  way  ahead. 

Hopeful  ly,  they  will  tell  us  whether  or 
-nt  we  need  to  consider  developing  the 
weapon  release  aspects  in,  order  to  take 
full  advantage  of  the  capability. 

4  Until  the  results  of  such  research  are 
completed,  then  effort  on  production 
aircraft  should  not  be  aimed  at  PST 
capability,  although  that  could  be 
acceptable  fall-cut  from  the  basic 
design. 
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Abst ract : 


The  X-31A  accomplished  its  first  flight  on  October  1.1  ,  1990. 

Thus,  it  is  appropriate  to  present  a  summary  about  the  objecties  of  this 
international  experimental  flight  test  development  program,  its  status  and 
follow-on  planning. 


1.  Summary 


The  X-31A  i >  an  experimental  aircraft,  dedicated  to  explore  the  controlled 
flight  beyond  stall  And  enhanced  agility  ( supermaneuverability) .  It  it  the 
first  aircraft  using  thrust  vector  control  in  pitch  and  yaw  and  it  is  also 
the  first  experimental  aircraft  being  dsveloned  and  tested 
internationally.  The  X-31A  has  tbo  potential  of  providing  the  means  of 
superior  short  range  air  combat  capability  without  sacrifice  to  supersonic 
performance  and  thus  also  superior  beyond  visual  range  combat 
.if fcctivenesK .  It  will  be  the  supersonic  aircraft  with  the  lowest  minimum 
speed,  it  will  be  superior  to  any  existing  fighter  aircraft  in  terms  of 
the  ability  to  make  tight  and  quick  turns  and  any  measure  of  agility. 

The  X--31A  will  be  most  interesting  for  pilots  to  fly: 

It  will  r.ot  depart  and  spin  but  will  be  fully  maneuverable  at  and  beyond 
stall  conditions.  It  will  be  controlled  with  the  stick  only,  without 
noticeable  sideslip  even  at  very  high  angles  of  attack  up  to  70°  AOA. 
Rudder  pedals  wo"ld  be  obsolete  except  for  intended  sideslips  and  cross 
wind  landings.  In  high  performance  post-stall  (FST)  maneuvers  very 
peculiar  attitudes  and  angular  motions  will  be  encountered,  however,  a  new 
flight  display  will  keep  the  pilot  from  getting  disoriented  and  help  him 
tc  maintain  flight  path  control.  For  an  opponent  the  maneuver  of  a  fighter 
with  X-31A  capabilities  will  be  hard  to  predict  due  to  its  attitude 
during  PST -maneuvers  and  the  quickness  to  roll  and  pitch  into  an 
unexpected  new  maneuver  condition  even  at  flight  conditions  critical  to  a 
conventional  aircraft.  Thrust  vector  enhanced  sideslip  maneuvers  would 
allow  head  -op  gun  attacks  to  very  short  closure  at  safe  collision 
distances  and  would  provide  more  and  longer  shooting  opportunities  during 
close-in  ait  combat. 

The  Enhanced  Fighter  Maneuverability  (EFM)  hat  the  potential  of  improving 
the  overall  effectiveness  in  close  ai>  combat  by  a  factor  of  more  than 
two,  based  on  extensive  manned  ard  computer  simulations. 
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l  1)  mid  I  Im.'i  in  tin*  di  lemma  nl  potent  i  ,1  1  mutant  ki  11k  amongst  equal  high 
[jr  .  t  Oiiancy  a  I i e i n  ft  ,  The  ana  ly. sit;  of  such  engageme  n  t  s  invented  a  new 
maneuver  cycle  {  fig.  1  It)  characterized  by  dominance  of  instant  eneouri 
maneuvers  and  a  tendency  to  slow  speed  (ref.  (I  )  I  .  At  slower  speed  an 
aircraft  would  achieve  a  smaller  radius  of:  turn  at.  a  given  rate  of  turn 
and,  obviously,  a  tighter  turn  in  a  developing  mutual  head  on  situation 
would  allow  for  an  earlier  weapon  launch  at  any  given  off  boresight  angle 
;  *  i  g- .  i  i ) . 

Conventional  aircraft,  however,  are  limited  in  controllability  at.  slow 
speed  and  may  even  get  uncontrolled  at  stall  speed  just  as  they  are 
achieving  the  snusl  lent,  rad:  us-of-  turn .  Any  significant  reduction  of 
rad.l  us-of -turn  could  only  be  achieved  by  deeply  penetrating  the  post  stal  l 
regime.  With  thrust  vector  control  and  a  proper  aerodynamic  design  it  was 
anticipated  that  an  aircraft  could  be  maneuvered  safely  at  and  beyond 
stall  limits.  Very  soon  it  was  found  that  the  biggest,  design  challenge  was 
to  roll  the  aircraft  at  high  angles  of  attack  around  its  velocity  vector 
quickly  enough  to  achieve  the  desired  tight  turn  performance  (ref. (2)) 


i  i  {  htipo.  I. up. o  iif  Turn  Radius. ri  Fiitiiro  An  Coibb.it 
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Generic  fighter  aircraft  with  post-stall  capability  were  evaluated  first 
in  manned  combat  simulations  at  the  German  IABG  in  1977  (ref.  (3))  and  at 
Me  'i  1 l's  facilities  in  st.  Louis  in  1970  (ref.  (4)).  By  that  time 
abort  1  operational  pilots  of  USAF  and  GAF  have  had  the  opportunity  of 
familiar.  ring  themselves  with  th i  new  capability  and  to  generate 
statist)  '.(1  data  about  its  effectiveness.  Many  technical  features  now 
being  installed  in  the  X-j.lA  have  been  empirically  developed  during  those 
simulations,  for  example 

mechanization  of  lateral  stick  input  to  roll  the  aircraft  around  the 
flight,  path  at  zero  sideslip  angle  rather  than  around  the  familiar 
air  c  >.  a  f  t  body  ax  i  s 

angle  of  attack  and  nz  demand  with  proper  blend-over 
PST  entry  mechanization  of  the  flight  control  system 
gravity  and  gyroscopic  moment  compensation 
consideration  of  inertia  coupling 

scheduling  of  control  surfaces  and  thrust  vectoring  blend-in 
espouse  characceristi.es  and  maximum  deflection  of  the  thrust 
■  torirry  system  in  pitch  and  yaw  and  the  criteria  for  body  axis  roil 

II  piit  >•  had  to  go  through  a  learning  process  of  how  to  use  the  new 
<  inability  in  order  to  achieve  a  tactical  advantage  and  many  of  the 
maneuver  characteristics  now  being  defined  as  "PST  performance"  in  X-31A 
have  been  developed  during  manned  simulation.  This  includes  the  effect,  of 
weapons  and  fire  control.  As  an  overall  result,  it  was  found 

that  combat  effectiveness,  in  one  vs.  one  engagements  can  he  expected 
to  be  improved  by  a  factor  of  at  least  two 

that  sups  nt.aneu  ve  rabi  1  i  ty  would  provide  a  fair  chance  to  survive 
against  two  opponents  of  similar  conventional  performance 
V Lei f,  the  benefit  of  supe r  mane  u ve r ah i  1  i t y  tends  to  get:  bigger  in  multi 
boogies  in  outnumbered  situations 

Besii  I  '(  a  oi  all  operations  analysis  wot  k  performed  prior  to  the  X-.11A 
program  are  summarized  in  the  first  A  31A  report  ( i ef _ (  1 )  )  .  it  was  the 
basis  or  the  a<  oepfane,;  of  t  o,  program. 


!•*•  X  I  I  A  Configuration 

:i  was  r-sqii-sted  that  results  of  X  3!A  flight,  testing  should  be  directly 
l t  arisfersble  to  a  potential  aiiciatt .  Therefore  several  existing 
US-  fighter  aircraft  were  investigated  during  pirate  |  of  the  program 


(  rot .  (  6  )  )  «s  polftnti.il  c.uid  i  da  t  <• ;;  (01  modi  f  l  oat  ions  and  implementation  of 
wipe  i  mannuve  v  abl  l  l  ty .  Unf  01 1  u  in  * **  1  y  ,  none  of  those  cnnil  idater.  appealed  to 
lift  suf  f:  i  c  i  en  1 1  y  suitable  or  advisable  in  view  of  anticipated  cost  of 
modification  and/or  penalty  for  convent  lonn 1  performance, 
fiupe  rmannuva  i  ah  t  I  i  t  y  needs  : 

a  t.hi  ust  -  to  we  i  ght  ratio  of  at  .least  .1  .0 
an  electronic  flight  c c n t r o 1  s y s tern 

an  intake  configuration  to  allow  full  power  engine  operation  at  up  to 
70°  angle  of  attack 

a  low  wing  loading  and  high  leading  edge  sweep 

certain  aerodynamic  characteristics  to  allow  smooth  transition  into 
the  post  stall  regime 

a  horizontal  control,  surface  that  moves  into  the  wind  at.  increasing 
angle  of  attack 

a  configuration  layout  which  is  preferably  unstable  in  pitch  at 
subsonic  speeds  for  better  supersonic  performance 
resistance  to  enter  a  spin  and  an  easy  recovery  from  a  spin  once 
entered,  needed  to  avoid  the  thrust  vectoring  system  to  become  a 
safety  critical  item. 


Eventually  it  was  decided  to  build  a  dedicated  new  aircraft,  (fig. 1-4).  A 
derivation  of  the  German  "TKF",  a  predecessor  of  the  European  Fighter 
Aircraft  ( EFA ) ,  was  selected  because  it  was  designed  to  meet  the  above 
requirements  and  much  of  the  existing  engineering  data  and  experience 
could  be  utilized. 


The  X--31A  is  a  delta-wing  configuration  with  a  "long  coupled"  canard.  It 
distinguishes  itself  from  all  other  currently  existing  "short  coupled" 
delta-canard  fighter  aircraft  -  except,  for  the  Br i t i sh./I tal ian  EAP  which, 
historically,  is  also  a  derivation  of  the  original  German  TKF  -  by  the 
position  of  the  canard  relative  to  the  wing.  On  the  X-31A  the  canard  is  to 
be  used  for  pitch  control  and  trim  rather  than  as  a  high  lift  device.  Iri 
order  to  reduce  trim  drag  in  supersonic  flight  the  X-31A  is  designed  with 
the  center  of  gravity  aft  of  the  subsonic  center  of  lift  which  mikes  it 
aerodynamical.iy  unstable.  As  a  result,  however,  the  canard  moves  downward 
into  the  wind  at  increasing  angle  of  attack  and  thus  always  maintains  its 
control  effectiveness. 


regime 


Fig  7-2  Split  of  normal  force  on  wing 
and  fuselage 


The  delta  wing  with  its  high  reading  edge  sweep  and  large  area  in 
combination  with  the  unstable  layout  lends  itself  particularly  well  for 
superior  supersonic  and  subsonic  performance.  It  comprises,,  however,  a 
fairly  complex  design  because  it  also  has  to  satisfy  the  requirements  for 
transonic  flight  and  for  the  new  post- stall  regime  and  to  minimize  the 
penalties  of  the  canned  interference. 


The  belly  position  of  the  intake  in  combination  with  the  movable  lower  lip 
allows  the  air  to  enter  the  intake  ai  post-stall  conditions  with  minimum 
disturbance,  a  prerequisite  for.  the  (•;£••  F-  404  engine  to  operate  with  full 
power  even  at  extreme  angle  of  attack.  In  supersonic  flight  the  lip  will 
be  moved  into  an  upward  position  in  order  torechice  spill  drag. 


The  most  unusual  device  a,.d  a  necessity  for  1'ST- mane u v«, )  logs  is  the  thr 
vectoring  device  at  the  aft  fuselage  of  the  X ■  31  A.  The  three  devices  of 
the  X  -31A  allow  to  reflect  the  engine  exhaust  at  full  power,  condition 
conically  up  to  about  1 0" ,  which  produces  about  17  %  of  engine  thrust,  i 
any  lateral  direction.  Thrust  vectoring  1  r-  tused  for  on  t  rtsl  only,  the 
“  padd  1  e  s "  will  be  immersed  into  tie  hot.  sniiaus’  for  the  very  short  *  rare 


periods,  Lri  the  convent  ional  flight  regime  they  cart  be  used  as  speed 
brakes  in  addition  to  the  convent.’  on  a  1  do-  j  i  . 


On  an  op«  i  n  i  iona  1  aircraft  the  "paddl  ;s"  would  be  uiptaced  by  an  engine 
integrated  thrust  vectoring  system  resulting  in  a  cleaner  tear  fuselage . 
Ifntoi  I  unatis  iy ,  such  vectoring  nozzle,  was  not  yet.  available  for  the  X  t  lA 
and  could  not  he  developed  within  tin:  time  and  funding  limitations  of  this 
pi ogram . 


Much  of  the  external  appearance  of  t  he  X  -  11A  was  dictated  by  the  use  of 
existing  components  (such  as  the  F  .16  landing  gear  and  the  F  18  canopy) 
and  the  aim  for  low  cost  (such  as  carrying  all  fuel  In  the  fuselage  and 
k  e  e  p i n  g  t  h  e  w  * n g  dry). 


Fig.  3-3  PST  performance  in  level  f  1  i gf a . 


3.  X--31A  Performance 

The  X - 3 1 A  is  designed  to  maneuver  beyond  maximum  lift  angle-of-attack  up 
to  about  80°  AOA.  Maximum  lift  is  achieved  at  about  30°  AOA,  beyond  that 
point  lift  is  decreasing  with  increasing  AOA  (fig.  3-1).  Aerodynamic 
load  on  the  aircraft  in  terms  of  normal  lores  is  carried  by  wing  and 
fuselage.  In  the  PST-regime  a  mojo.  portion  cf  total  load  is  acting  on  the 
fuselage  (fig.  3-2).  Total  normal  foice  is  increasing  steadily  up  to  90° 
AOA,  comparable  with  the  drag  of  a  flat  plate. 

A  simple  mass  point  analysis  leads  to  fig.  .3-3.  it  shows  aircraft, 
rate-of-turn  for  a  level  maneuver  for  various  AOA  as  function  of  M-number. 
There  is  a  less  of  turn-rate  and  only  little  improvement  of  turn-radius  as 
AOA  is  increased  only  marginally  above  maximum  lift  AOA.  It  needs  a  deep 
penetration  into  the  PST  regime  ui>  il  substantial  benefits  can  be 
realized.  Also,  there  seem  t.o  be  i  ttle  overall  advantage  of  PST 
maneuvering  ir<  level  flight. 

Fig.  3-4  shows  a  similar,  analysis  covering  a  verity  of  maneuver:  states. 
Maximum  performance  is  achieved  with  maximum  help  of  earth  gravity.  The 
shaded  areas  indicate  maneuver  states  with  optimum  angle-of-attack  usage. 
Also  indicated  are  best,  radius-of- turn  performance  for  inverted  vertical 
maneuver  s . 

Optimum  PST-maneuvers  have  been  analyzed  in  Ref. 7  ,  although,  disregarding 
control  power  limitations  and  actual  6  DOF  aircraft  dynamics.  Fig.  3~'j  is 
showing  a  130°  heading  reversal  as  performed  in  manned  simulation  using 
realistic  X.-31A  aero  data  and  flight  control  characteristics .  Circles 
indicate  the  entry  into  and  recovery  from  the  PST  flight  regime.  In  this 
case  a  very  tight,  and  quick  turn  was  achieved  with  maximum  instantaneous 
performance  of  31°  rate-of-turn  and  about  70  m  radius  of  turn.  The  same 
maneuver  typ  with  maximum  lift  AOA  limitation  is  shown  in  fig.  3  <>.  Hen 
rale  -of-  turn  and  radius  of  turn  now  is  limited  to  25°  and  about,  400  m 
respect tvely . 

Fey  for  maximum  instantaneous  maneuver  performance  is  velocity  vector  roll 
rate/acceleration  to  initiate  a  turn  and  stop  the  turn  maneuver.  As  a  rule 
of  thumb  velocity  vector  roll  rate  needs  to  match  the  desired  turn  rate. 
This  is  why  none  of  the  existing  aircraft  could  perform  high  performance 
turn  maneuvers  at  high  AOA  even  though  they  might  be  able  to  pitch  up  t.o 
very  high  AOA,.  There  is  no  PST-  maneuver  ;  ng  capability  in  any  tacr.i  <•.<  I 
sense  without  sufficient  body  axis  yaw  power  at  hi gh  AOA  and  automat ic 
avoidance  of  excessive  side- si  ip.  ping.  .'butt  capability  can  only  be  provide. i 
by  tiu.i.ti  axis  thrust,  vectoring  in  corubi  mat  i  on  with  an  appropriately 
designee  flight  control  system,  fig.  t  7  is  showing  demonstrated  X  3 1  a 
velocity  vector,  roll  performance  at  tu!'J  AOA. 

Fig.  3  7  ‘  showing  3  typical  tacticai  PST  Maneuver,  as  seen  in  many 

Mi:  combat  simulations  t  n  this  particular  case  t.lu;  ait;  i  a  1  t  is 


iru*  fine*  i  i 


IbIm 


<M  U  U  M 


Fig.  3-5  Maneuverincj 
for  best  FST-perfonnance 


Fig. 3-6  Maneuvering  for  best- 
turn  performance  with  maximum 
lift  limitation 


Fig.  .•'•-7  X-31A  Velocity  vector  roll 
performance 


Multi  axis  thrust  vectoring  -  as  being  a  necessity  for  PST  maneuvering  - 
can  also  be  used  to  enhance  agility  in  the  conventional  flight  regime. 
Fig.  3-1 1  shows  a  maneuver  by  which,  agility  will  be  measured  in  the  X-31A 
program.  It  consists  of  a  high  performance  level  wind-up  followed  by  a 
maximum  performance  heading  reversal. 

Flight  path  decoupling  (RCFAM)  is  a  special  mode  of  tne  flight  control 
system  by  which  the  pilot  could  point  the  aircraft  nose  (or  gun) 
independently  from  its  trajectory.  Upon  a  stick  input  by  the  pilot  the 
aircraft  in  RCFAM  mode  would  react  adversely  in  pitch  and  y«iw.  Of  course, 
the  angular  range  of  such  decoupling  is  ae rodynamically  and  structurally 
limited,  however,  these  limits  could  be  enlarged  by  thrust  vectoring  and 
thus  would  be  expected  to  be  larger  in  comparison  to  conventional 
aircraft. 

Longitudinal  deceleration  is  important  for  any  aircraft  to  quickly  reduce 
speed  for  Lost  turn  performance  and  to  effectively  enter  the  post-stall 
tvgi.nv  For  this  ;<u  xme  the  thrust  deflection  devices  can  be  deployed 
outwiiuu;  i-.o  act  as  drag  devices  in  addition  to  the  conventional  speed 
brakes. 
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Af  t.e  i  MF’ii's  withdrawal  i  r  »»m  i  le  . ombat  A  i  t  r  t  o  t'  «  (  hCA  ;  prog  i  .•sm  (  whi  ch 

later  on  became  the  Ex  pe  t  i  stent  .  I  Aircraft  P  5  nq  1  am  Eh  <  and  1  >c  h  we  !  i  '  r; 

flUappo  u  tusent  of  not  be  !nq  selected  to  bu<id  the  X  2  \>  A  both  !  -.rtj  toei 

in  Oi.  t.obfl  t  1^82  to  joint  i  y  uunuM?  the  concept  of  supe 1 maueuve  din  I  it  y  . 

R 1 1  r  k  w -  i  j  t  5 > v, e  f  h er  wit  h  MB B  «  v  e n  t  t *  •.  i  I  y  c o ;  *  v  n <  e ; »  U /■  r>  Pa  i  n  1  984  ? -  f  t  h e 

P<  '  eri  ial  o  ’,  t tse  supfi  t  nver  abi  ty  concept,  and  j  peculiar 

<"■:  .pa  ihility  wi  i.h  OASU,  doqh  i  '  -  hi  q\-  ;.-ay  oil  .  olicy,  MUB  joun  ly 

w  •  .  h  liisrl  1  tu  ■'.■ftpoi  '  ■  tom  t  tip  uhOfJ  tot  f'O'if  .  nMtfd  i  r  .  i  lit. 


A*  a  happy  coincidence  the  Nunn-Quayle  initiative  supporting  cooperative 
international  aruaiaent  programs:  wo«  promoted  at  that  tima  and  helped  the 
program  to  materiAllzo.  eventually  a  government  contract  was  signed  In  May 
1986.  The  program  was  called  "EFM",  Enhanced  Fighter  Maneuverability. 

A  "phase  31"  contract  awarded  to  MBB  by  GMOD  onrt  to  Rockwell  by 

DARPA/Navy  in  September  .1906.  The  objective  of  phase  II  effort  wa*  to 
perform  the  preliminary  donign  of  a  research  aircraft  and  the  necessary 
wind  tunnel  tearing  to  allow  detailed  design  and  fabrication  in  the 
subsequent  phaae  Also,  a  formalised  mode  of  Rockwell-MBB  cooperation  had 
to  be  found  and  a  share  of  work  respectively.  Basically,  there  was 


a  split  into  Rockwell  workpackagea  to  be  performed  at  Rockwell  with 
MBB  local  participation  and  MBR  workpackages  to  be  performed  at  MBB 
with  Rockwell  local  participation  (fig.  4-2) 

a  rule  that  Rockwell  engineers  working  in  Munich  on  MBB  workpackagas 
should  report  to  MBB  management  and  vice  versa 
no  duplication  of  effort 

no  transfer  of  money  between  HI  and  MBB  except  for  special 
subcontracts 


It  was  decided  in  phase  II  that  MBB  would  design  and  manufacture  the  two 
sets  of  wings  and  the  thrust  deflectors  and  would  develop  the  control  laws 
for  the  flight  control  system.  Also,  X-31A  performance  would  be  defined 
and  analysed  at  MBB.  Later  on,  it  was  suggested  to  develop  a  special 
display  tc  avoid  pilot  disorien  tion  in  PST  maneuvers.  The  development  of 
thi6  display  was  also  charged  to  MBB  (fig.  4-3) 


Maximum  use  of  existing  equipment  was  part  of  the  approach  selected  very 
early  in  the  program.  This  was  in  particular  true  in  the  areas  of  landing 
gear  (F-16),  propulsion  system  (GEF-404  engine),  canopy  and  windshield 
(F-16)  and  a  multitude  of  subsystem  components  pulled  together  from 
fighter  aircraft  such  as  the  F-16,F-18  and  F-20. 


A  special  challenge  for  Rockwell  was  the  acquition  of  the  extensive  list 
of  GEE  and  CFE  equipment.  Special  help,  dedication  and  perslstance  was 
required  on  all  sides  to  get  the  parts  in  time  to  support  the  rollout  and 
the  first  flight  of  the  X-31A.  Installation  of  system  components, 
hydraulic  tubing  and  electrical  wiring  harnesses  were  as  usual  affected  by 
late  deliveries  of  components  in  marry  areas  and  required  special  attention 
and  treatment. 


The  foil  lag*  with  the  canards  and  the  vertical  tail  was  built  by  Rocitwell  , 
while  the  wings  end  the  thrust  vectoring  vanes  were  developed  arid 
manufactured  by  trap.  A  numbs"  trade  studies  were  performed  to  select, 
th*  optimum  design  and  manufacturing  concepts  with  consideration  given  to 
weight  impact ,  material  aspects  and  manufact  nr  lug  cost.  The  fuselage 
tooling  wa*  simplified  by  using  the  naajoi  NO  bulkheads  as  templates/ tools 
for  ih*  installation  of  longerons,  fittings  and  finally  fuselage  skins 
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Aluminiur ,  alumirii um/1  i  thi  urn,  steel  and  titanium  were  used  in  appropriate 
areas  ut  lizing  the  available  NC  capabilities  existing  at  Rockwell's 
facilities.  The  carbon  fibre  system  used  extensively  on  the  B--1  was 
utilized  for  honeycomb  skin  par.nels  on  ths  fuselage,  the  rudder  surfaces 
as  well  as  on  the  skins  for  the  vertical  tail.  Rockwell  Tulsa  was 
responsible  for  the  manufacturing  of  these  carbon  fibre  parts. 


MRB  selected  the  carbon  fibre  material,  also  used  in  EFA ,  for  the 
manufacturing  of  the  wing  box  skins  as  well  as  the  leading  and  trailing 
edge  flaps.  The  wing  box  has  a  metal  substructure  with  NC  milled  and  metal 
sheets  spars  and  ribs.  The  design  and  manufacturing  were  simplified  by  the 
fact  tliet  the  wing  does  not  carry  any  international  fuel. 

2l>  an  *  3D  design  tools  such  as  CADAM  and  CAT.IA  were  extensively  used 
durin  the  development  phase.  Exchange  of  technical  data  (e.g.  loft  line 
definitions  for  structural  parts)  between  Rockwell  and  ME>B  were  performed 
via  a  eommerc.'  ..  communications  network  which  allowed  data  exchange 
overnight . 

While  wing  and  fuselage  were  relative  conventional  in  terms  of  the 
structural  concept,  the  development  of  the  thrust  vectoring  vanes  required 
ao  itional  considerations ,  since  these  parts  would  be  immersed  into  the 
hot  jetstream  of  the  GEE-404  engine  at  all  power  settings, 
including  afterburner.  To  determine  and  verify  design  loads  a  full  scale 
test  was  performed  behind  a  Navy  E-18  aircraft,  utilizing  metal  structure 
for  the  thrust  vectoring  vanes.  However,  metallic  vanes  would  Lesult  in  a 
relatively  heavy  weight  structure  at  the  very  end  of  the  aircraft,  thereby 
moving  the  C.G.  aft,  which  was  not  desirable.  Therefore,  the  German 
Company  SIGRI  was  given  the  subcontract,  to  manufacture  the  thrust 
vectoring  vanes  from  carbon/carbon  material.  Tnis  material  is  extensively 
used  in  space  vehicles  for  thermal  insulation  and  for  hot  structures. 
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At.  this  time  (Dec.  1990)  aircraft  I  has  made  9  flights  by  3  pilots  and  a 
substantial  pa-t  of  the  conventional  envelope  has  been  covered.  All  pilots 
are  very  satisfied  with  handling  and  response  characteristic*  lery  soon 
aircraft  2  will  follow  and  it  is  anticipated  that  the  PS v  envelope  will  be 
opened  subsequent  to  about  40  hours  of  initial  flight  ti./e. 

Tactical  flight  evaluation,  at  this  time,  is  still  in  a  stage  of 
definition.  The  aircraft  is  not  equipped  with  any  tactical  sensors,  fire 
control  system,  weapon  representation  and  suitable  cockpit  facilities. 
However,  once  all  the  effort  and  money  is  spent  on  developing/building  two 
aircraft,  clearing  them  fcr  the  new  envelope,  developing  all  the  maneuver 
schemes  for  its  various  capabilities  and  measuring  its  flight  performance, 
there  is  a  strong  desire  to  substantiate  the  expected  tactical  utility  by 
actual  flight  experience. 

The  expected  tactical  benefit  is  shown  in  fig.  5-1  as  result  of  many 
computer  and  manned  air  combat  simulations. 
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chaired  by 
Mr  H.Wttenncnberg 


Mr  Wc.enrienberj; 


Ladies  and  Gentlemen,  we  come  now  to  the  last  session  of  ou>  Symposium  which  is  entitled  "Round  Table”.  You  will  miss  a 
round  table  here;  there  isn't  one,  hut  hopefully  you  have  sufficient  imagination  to  think  there  is  somewhere  a  round  table  within 
the  audience.  The  procedure  which  we  discussed  to  operate  our  round  table  is  the  following: 

From  the  individual  sessions  of  our  Symposium  we  asked  the  Session  Chairman  and  the  authors,  and  also  some  sped-  lists,  to 
come  up  with  a  general  view  of  the  session  —  not  only  of  the  session  but  on  the  session  subject  —  so  this  group  formed  or  should 
have  formed,  a  general  opinion  on  the  subject.  The  intention  was  to  discuss  whether  we  have  covered  within  the  conference  the 
main  aspects,  only  a  few  aspects,  or  what  is  the  situation,  the  technical  situation;  what  is  left  open  for  further  activities.  We  will 
now  ask  the  spokesman  of  the  individual  groups  who  have  prepared  these  comments  to  give  their  presentations  and  then  leave 
the  floor  open  for  discussion  on  hose  opinions.  You  are  all  invited  to  give  your  own  comments  on  what  the  e  gentlemen  will 
pre.se  it  to  you 

Out  first  session  of  papers  was  the  Pitot’s  View,  and  Professor  Mulder  will  give  the  opinion  of  this  group. 
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Prof.  Mulder,  The  Netherlands 

Thank  you  Mr  Chairman.  We,  Bob  Russel!  a  1 1,  were  Chairmen  of  Session  2.  the  Pilot's  View  and  as  you  recall  we  had  three 
papers.  They  were  presented  by  Mr  Thomas,  Mr  Morse  and  Mr  i  .eTron.  After  our  session,  we  came  together,  witn  these  authors 
and  some  members  of  the  audience,  and  we  had  a  discussion  and  finally  came  tip  with  several  different  issues  together  with 
equivalent  recommendations. 

(lie  first  issue  is  on  the  communication  aspect  of  designing  a  new  aircraft.  The  communication  between  engineers,  pilots,  and 
designers  is  something  that  needs  to  be  thought  about.  They  should  form  small  groups,  not  more  than  4  to  5,  from  aircraft 
concept,  through  design,  development,  te  st,  etc.  to  insure  a  successful  civil  or  military  platform  in  regards  to  flying  and  handling 
qualities. 

The  recommendations  are,  first  of  all,  that  engineers  and  designers  need  a  reasonable  flight  experience,  to  allow  communication 
obviously  and  pilots  need  reasonable  engineering  sk'fls. 

4  he  next  part  of  the  recommendation  is  to  involve  de;  avers  m  flight  testing,  and  the  last  part  of  the  lvcomnicndutitm  is  to  train 
engineers  and  pilots  as  a  test  team,  not  as  individuals  flits  i.s  done,  ioi  mstuiKc.  during  education  tor  lest  pilots  at  I  sires.  fltere 
this  approach  is  really  explicitly  followed,  Scant  expel  ieuce  ralhci  'hail  individual  test  pilot  litis  will  provide  better 
communication  between  specialists  w  ithin  the  leant.  I  lie  second  issue  addresses  the  topic  of  civil  vs  military  handling  qu,  ties 
criteria.  Civil  ainr.ift  dc  igners  ate  in  our  view  not  exploiting  advances  m  indi'.atv  bundling  qualities  criteria  and  some  ivil 
anci.ilt  manufacturers  ate  not  addressingdeeply  enough  tin  a.-peet  >  subject  ol  flying quali  ics  And  next,  civil  aircraft  ate  built 
.md  tested  mote  ami  mote  against  product  liability  ot  legal  public  liability,  and  living  qualities  h  quo  cinents  ate  becoming  more 
or  less  seeoml.n  y. 

<  ’  ii  recommendation  is  •  invite  the  co  il  aiivi  ail  e-. minum it v  to  p.u ticipaic  in  living  qualities  van  king  gtoups.  lot  instance,  in 
the  context  o!  the  |oint  an  wot  thmvs.s  agem  v  s  van  k 

I'he  next  issue  is  slight  I  v  duty  lent  m  scope  and  u  t  elates  to  I  lie  eoiiliol  <4  highly  ,uit<  minted  li.tnspi  w  t  am  i  ait  In  t  espouse  to  a 
question  abet  Mi  I  e  lion’s  papri  on  the  Aitbus  Colly  by  vvite  lateral  contio!  system  the  mmc  gen. uni  pioblem  was  raised  ul 
h;  ypiij!  :  he  pilot  m  the  loi  >; .  ot  highly  automated  r a ,  il  tiki  lliiiitai  y  u  ansj>on  am.  l  all  I’dots  com n  4  inputs  no  h  eiget  ha  a  a 
du eel  t elation  to  eoitttol  sui  taee  ilelleetions  and  control  input  may  be  made  without  eon espi »n< ling  moveiueiit  lo  an  the  i.iirn 
nianqitilat  >r.  fir  instance  the  thiust  levels  vantld  remain  si  a!  ion, n  y  while  thrust  variate  ms  me  being  applied  III  slightly  hio.tdei 
null, "vi  hi,  ,  .a  yil  such  a  highly  automat  it  ai-.i.dt  must  use  eomro's  winch  tie  less  mutin.i!  when  comp. wed  to  classical 
,  ontiol ,  mu  I:  .  s  euiilio!  to!  111  lit  i  ami  tin  tot  levy  .  I  heie  have  been  e*  inipl.uids  that  tin  anal  wot  kh  "id  n  ay.  i  n  \<  vi  in  •  instances ,  ite 
hig.hr1  than  m  eonecntionul  nuctufl  amt  the  icy  ommc'iKlariun  wouhl  he  that  living  qualities  efittfia  should  by  made  to  leileet 
opy:i a’aoii  ol  these  highly  aeloni.ned  auciali  Basic  icseaieh  might  still  be  necc-saty  svhuti  solid  intnallv  ti'irvy  [mniti 
(■■H  lij'ii  t >i 1 1  dial  iiu  aiis  eoutioU  and  disjiiay conno!  laws  ami  pro,  y  . lines 

\ ml  our  I .  i  •-  mm-  is  :  a  he;  .  <  ml  i  ovyrsial  f  flunk  It  t  y  !-.li  •-  again  !•  >  1  land!  m  .• « flitiyy  at  ity  i  la  and  it  -  ,is  s  that  flat,,  a ;  1 1  y  i  malitu. 
i  cyjiiiii'i  ii;a  its  sil.  mid  state  h  w a!  mi  mbs  a  ■  ou.h  yvlieii  vital  tin  tin  a!"  i  oiidmt  ol  t'mli!.  !  he  >  ■  ,  a  mi  i.  u<  la;  .•  "I  w  oa  Id  in  !,.  u  a- 

nit  is  It  h  ei  di  at  i  a  ■  pi  wahly  lot  i  icativ  e  an  v  I  a!  I  design  and  the  is ,  (In  blank  pail  ol  MM  I  ’ "  '  \  mg!  si  be  i:o, ,,  I  aepi .  h 

'  b  V* it.,aiis,  iisn  i g 

II".  ty  is  ssMtte  o."  >  'Junaialasty:  e.  .  uhnicndatn  sr  '.y  In  -at :  v.  ;.t  groin-  has  made,  and  tl  .  ate  -aioii  n.  yvhethet  ill"  do, a  ays  .  . 

-Vilhltii'  !  .as  ,y  ants  to  ut. ike  Si",  ad  Id"  a..  1  -  .  i.isuii.  ids.  .  if  qu-  .iron1. .  i i (  -.si;:: ;  a:  acin-lis 
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Mr  Smith,  United  States 

One  of  the  things  Ralph  A’Harrah  always  told  me  to  do  was  try  to  say  something,  provocative  and  clearly  Number  4  is 
provocative.  One  thing  I  was  struck  by  early  on  was  the  statement  that  specifications  tire  rules  for  fools  and  guides  for  wise  men. 
I  rally,  I  don’t  agree  with,  that,  but  (  do  think  that  in  my  exposure  to  the  handling  qualities  world  we  spend  far  too  much  time 
lx  .rig  technical  lawyers  and  not  enough  time  being  technical  explorers  and  guides.  So  I  would  go  along  with  Number  4  in  that 
sense  and  would  like  to  say  that  I  think  we  should  spend  more  time  sharing  lessons  so  that  we  can  guide  people  its  much  as  is 
feasible  in  the  context  of  national  interests  and  secrecy.  So  1  agree  with  Number  4. 

Mr  Wuennenbcig 

Now  we  come  to  the  next  group  of  papers  entitled  “I  Experience  with  Specifications",  and  the  statement  of  this  group  is  given  by 
Mr  Sella. 

Mr  Sella,  Italy 

Session  number  three  was  dealing  with  experience  with  specifications  and  the  discussion  between  the  session  chairman  tint!  the 
authors  following  the  session  has  identified  three  major  items  which  need  to  be  recorded  again  here.  The  first  one  really  comes 
from  the  conclusions  and  recommendations  from  the  w  ork  that  Working  Group  17  has  done,  particularly  realizing  this  very 
important  statement,  the  third  one,  which  says  that  sufficient  knowledge  is  available  for  the  design  of  a  longitudinal  FCS  and  the 
use  of  adequate  design  criteria.  Now  this  is  a  very  important  result:  the  demonstration  of  success  of  10  years  of  research  work. 
Wc  have  seen  ‘hat  coining  from  the  aircraft  of  the  70s,  which  had  a  number  of  handling  problems  like  YF-  1ft,  Tornado,  Shuttle, 
just  to  note  a  few.  the  aircraft  of  the  80s,  at  least  most  of  them  like  Rafale,  X-29,  and/or  F.FP,  and  recently  also  the  F-22/23  and 
X-3 1  have  been  generally  flaw  free  in  terms  of  flying  qualities.  I  think  it  is  very  good  news  for  the  next  generation  —  ATF  and 
FIFA-like  aircraft.  Th.s  achievement  shows  that  indeed  we  have  sufficient  design  guidelines  and  techniques  for  flying  qualities 
and  control  law  design.  Gibson's  criteria  have  been  particularly  successful  in  this  field. 

However,  these  techniques  may  address  areas  for  design  optimization  rather  than  provide  level  boundaries.  Now  this  is 
perfectly  reasonable  taking  into  account  trie  fact  that  most  of  the  designs  which  were  mentioned  before  tire  prototypes  or 
demonstrators  rather  than  production  aircraft  But  the  complete  specifications,  including  level  boundaries  for  degraded  modes 
or  failure  states  and  also  for  Ihe  definition  of  service  and  permissible  flight  envelopes,  are  required  for  the  next  generation 
paxniction  fly -by- wire  aircraft.  Now  these  requirements  are  to  a  large  extent  still  missing;  the  group  feels  they  could  he  derived 
from  the  existing  data  base,  but  the  necessary  effort  has  not  vet  been  available. 

Another  important  point  which  has  been  identified  is  t tie  fact  that  flyutg  qualities  are  inherently  subjective  while  specifications 
tend  to  be  quantitive.  I  he  purpo.-c  o!  showing  this  viewgraph.  figuic  I  (from  i.eggett  and  Black's  paper  Number  7).  is  to  say 
essentially  that  wlialevei  die  specifications  sav.  the  Hying  qualities  of  the  aircraft  must  satisfy  the  mission  needs.  Now  tins  might 
seem  obvious  to  a  flying  qualities  specialist,  but  in  accep.ing  this  hguic.  thcie  arc  problems  because  accepting  this  requires  that 
someone  v.  ill  have  to  ad  mil  that  they  got  it  wiong  and  will  a  quo  c  additional  expend  nine  I  tom  a  government  agency  oi  I  tom  a 
contractor. 

So  the  group  tools  that  living  qualuic  specialists  should  real  I  v  try  lo  educate  then  manage  is  to  accept  tins  as  a  fact  ot  lile  and  to 
accept  Ihe  usk  involved;  in  other  wools  not  teel  that  the  living  qualities  speeiiicatii  >n  is  a  pel  form  ante  specification  Now  the 
I  hi  id  point  is  \ei  \  mi  \  nun.  Ji  i  dated  and  was  alsi  >  identified  in  tin  |  .  cv  ions  session .  and  this  point  n  >  be  emphasized  once  again 
is  the  fact  I  hat  living  qualities  specialists  and  pilots  have  to  w  u  k  togi  I  bet  as  i  team  It's  vci  y,  ve  rv  mtpoi  taut  t  fiat  in  establishing 
tins  dnilogtic.  engineers  must  mn  hide  themselves  behind  the  book,  taking  the  specification  ..  a  Bible,  but  nuts  I  undci  stand  the 
i  dat  ion  <  >1  the  living  qualities  io  the  an  vi  alt  task  and  mission  <  )n  lit.  -  othei  hand  pilots  inusi  help  i  ngmeet  s  t  -  iimdeisf  and  then 
environment  bv  talking  the  same  language  I  Ins  i  includes  mv  summaiv 
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One  feature  we  lit;  feel  was  worth  highlighting  is  that  although  wo  ate  concentrating,  quite  rightly,  on  the  sin  (instance  of  the  pilot, 
.tud  his  aircraft  and  flight  control  system;  the  pilot  actually  interfaces  into  that  .system  via  two  other  environments:  hi.s  cueing 
environment,  and  hi  particular,  disolays  and  the  iritormaf-oi/  those  provide,  and,  of  course.  Ins  control  or  tactile  environment, 
the  way  in  which  he  actually  makes  demands  upon  dial  aircraft.  Although  it's  vital  that  we  do  get  that  relationship  between  the 
pilot  and  his  aircraft  right,  we  musn't  ignore  that,  fi  m  time  to  time,  the  way  in  which  we  provide  his  cue  environment  and  his 
tactile  environment  can  strongly  influence  the  overall  handling  qualities. 

Thimcing  particularly  about  the  cue  environment,  three  aspects  of  that  were  brought  to  mind.  First  is  display  of  flight 
inlot  (nation  itself,  its  content,  and  its  dynamics,  and  I  think  there  are  many  occasions  whet;  one  has  to  only  think  of  the  failure  of 
head  up  displays  in  some  fighter  aircraft  to  provide  a  safe  flight  information  source  And  although  we  believe  that  can  be 
overcome,  nevertheless  d  ear  also  produce  a  major  degradation  of  the  flying  of  that  particular  aircraft 

Next  the  time  sharing  of  tasks.  The  proportion  of  your  flight  time  if  tat  is  available  the  concentrate  on  the  flying  task,  iri  many 
eases  is  decreasing.  This  has  recr.  brought  out  several  times.  We  have  to  make  sure  that  our  requirements  for  handling  qualities 
take  into  accoum  the  varying  It  !  or  varying  time  share  available  for  (hat  And  as  5  m  now  concerned  with  simulation  as  well  as 
w  ith  flying  tasks,  s  couldn't  resist  putting  ir-  the  thuJcne.  But  1  think  it  is  very  relevant,  if  we’re  looking  at  activities,  as  ve  must,  in 
the  simulator  and  in  flight,  the  relevance  of  the  changes  of  the  cueing  environment  between  the  two  has  to  be  understood  and 
recognized  and  taken  into  account  in  she  translation  of  results  from  one  environment  to  the  other. 

We  have  much  less  to  say  on  the  tactile  environment.  The  impression  i  was  left  with,  and  I'm  not  an  expert  on  tne  various 
implications  in  this  area,  the  impression  I  was  left  with  is  that  we  still  have  some  way  to  go  in  understanding  the  way  in  which  the 
pilot  compensates  and  relates  to  hi:;  environment  and  the  relationship  between  the  force  and  position  dynamics  of  those  control 
systems.  And  the  way  in  which  we  deal  w*lh.  perhaps,  effective  time  delays  and  things  of  this  nature  needs  to  he  very  carefully 
thought  out  itt  relation  to  the  source  of  those  time  delays,  i  believe,  as  was  emphasized  by  some  of  our  authors,  and  cannot  be  left 
as  a  global  parameter  which  explains  everything,  wherever  it  comes  from. 

The  th'rd  point  which  was  made  by  our  authors,  which  I  felt  was  an  interesting  one,  didn't  come  out  of  the  talks.  It  has.  I  think, 
come  out  of  many  of  the  papers  in  the  overall  concept  and  the  overall  coverage  of  the  Symposium.  But  my  view  so  far  is  that 
we’ve  heard  an  avTci  lot  of  very  good  work  during  the  last  week.  People  in  their  research  environments  are  doing  a  great  job. 

At  the  end  of  the  day  we  have  a  lot  of  flight  test  data  obtained  by  test  pilots  in  research  aircraft  and  research  simulation.  We’re 
getting  very  little  feedback  still,  and  1 1  link  we  deserve  more  feedback  from  the  behaviour  of  operational  aircraft  and  how  the 
pilots  are  seeing  their  own  vehicles.  At  the  least,  that  means  that  we're  not  actually  establishing  quite  as  firmly  as  I  think  we  might 
wish  to,  the  areas  where  there  is  a  really  firm  need  for  doing  the  work  that  we  re  doing  and  I  just  leave  that  thought  with  you  as  a 
concluding  thought. 

Mr  Wucnnenberg 

Is  there  any  comment  to  these  statements,  especially  the  last  one  which  I  think  is  very  provocative,  but  it  hits  the  point  exactly. 
Mr  Morgan,  (  anada 

I'd  just  like  to  comment  on  the  last  suggestion  there  and  it’s  a  lovely  idea,  but  I  think  there's  an  intense  difficulty  in  taking  a  body 
of  pilots  «.t  large  in  their  day-to-day  machines  and  trying  to  get  any  feedback  at  all  that  w  >uld  be  meaningful  in  the  handling 
qualities  research  field.  In  the  general  tenor,  01  environment  in  which  the  line  pilot  works,  be  he  civil  or  military,  it  is  such  that  he 
Is.  he  gains  stature  in  his  job  amongst  Ins  peers  by  adapting  to  and  coping  with  machine  difficulties.  If  you  ask  the  average  lint 
pilot  about  his  ancraft,  "It's  the  best  thing  that  ever  flew”. 

Mr  Wucnnenberg 

I  would  now  like  to  ask  me  se  "’imp  on  the  same  subject  for  then  views  vhiclt  are  presented  by  Mi  Bailin'. 

Mr  Baiflie,  (  anada 

(  learly,  as  we  got  together  in  our  groups  you'll  see  some  common  themes  emerging,  some  of  the  stuff  that  we  decided  to  look  on 
is  common  with  what  people  have  already  talker!  abotii  We  ic  using  a  ten::  that  was  aiouml  for  awhile.  I  haven't  seen  it  labdy 
"eon nol  *  in li gu led  vehicles' ;  deal!)  we  re  accelerating  die  ticml  to  do  that.  Some  of  the  papers  that  we've  seen,  especially  in 
that  hist  session,  talked  about  that  and  we've  got  to  optimize  our  applications  ol  that  type  ol  technology  for  the  new  tasks  and 
missions  that  we  !e  ton  seeing  I  he  question  that  we  raised  a  number  of  tunes  is;  m  what  main  areas  of  research  should  we  he 
Incusing  ou i  limited  abilities.'  How  should  we  address  the  possibilities  ol  configuring  the  aircraft  lor  a  specific  mission  in  a 
specific  time  '  We  ve  got  to  look  at  the  interlace  between  these  specific  roll  >  and  we  re  possibly  not  doing  'fiat  at  the  moment 

Hus  second  one  was  a  e-  million  theme  A  lot  of  our  research  results  which,  of  course,  we  pieserit  m  line  for  in  up  here  and  we  get 
gieat  eh, ut >.  but  the  design  ■  u  ninumiv  gets  them  only  through  the  specifications.  So,  as  we're  learning  to  design  new  veins  le.s 
we  n  going  to  lia ,e  to  cimlmliallv  reassess  our  specifications.  Rathe r  than  u (id.it mg  every  10  year  we  should  almost  be  d. >mg 
updates  eve  couple  ot  ve.sis  oi  have  ongoing  updates 

Rut  and  parcel  with  that  and  the  tact  that  we  re  de .ding  with  these  vehicles  configured  tor  a  given  task ,  i .  the  tael  thai  we've  g*  ■ 
I'aiv  *  his  missis  n  task  oriented  p  nee  (pic  as  is  happening  m  tile  I  oMm.  i  alt  ws  »rld  and  h  hxed  w  mg  Win  id  V'\v,  goi  lo  c  out  mm 
in  i  e  taut  d ;,!  we  w  also  gal  to  make  wile  til.*'  tile  yt,  du  at  lolls  i  vile*  I  the  niton  either  than  die  absolutes  that  we  se:  m  to  i  \ 
a!  !c  to  find  ,  [1  ihc  lime  And  e tear  tv  tile  reason  t  a  *  h >mg  that  is  avoiding  the  us,  *  >f  a  spec  as  a  eui  h,  n  ik  We  v,-  go,  to  make  om 
spee  ilu  atu  lie-  tel  feet  a  lot  tvioi  e  Ire  intent  ol  what  tin  nos:  iblc  problems  can  lie  if  von don't  meet  the  ci  itc  ia  rathe  I  the  ,  saving. 

tou  must  met '  tills  i  i  itei  i.:.  An  f  to  do  f  hat  tin-  hrhcoptei  spec  has  some  Mu  e  things  w  hn  h  t  think  siioi rid  be  roihiw*  ,1  inch  id  mg 
s'  is  nj  inai  ,, ,  t  v  c  i  ■  di.u  nan  i  epos  [In:  pi*  ill  hails  that  are  it  he!  .*  e-e  min  n  nf  i!  v  n  don  ,  me.  (  id*  ■  pe>  aid  as  > i ,  *  npt.o  sot 
o.i  i  >  all.  .  •  a  a-.oitaidt  ,  ltgitu  enng  uitei  p'.eiatiotkbv  oth;  s  p.i'ts  .it  tiie  c.mifiumiiv 
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II"'  third  point  v»v  made:  as  out  vehicles  become  more  integrated  we've  got  in  pel  more  am;  n,  no  cooperation  between  the 
various  people  putting  hardware  and  software  into  the  vehicle.  We're  t  ie  Hying  qualities  mum  uni  v,  hut  the  flight  control  guys 
tire  sometimes  di  wit  at  the  other  end  of  the  hall  or  in  another  building.  The  aerodynamics  guy>,  ime  are  represented  hete, 
some  tire  not.  Avionics  clearly  is  becoming  more  and  more  of  an  impoi  taut  part  of  the  vehieit  ;»h|t.<y  u  ,  do  the  flying  qualities 
and  to  do  the  task  and  somewhere  in  till  of  that  tire  our  human  factors  colleagues  -4  .  neu.h  we’re  all  human  factors 
colleagues  when  we  start  to  think  about  it.  The  important  thing  that  I  put  forward  .  ;.,i ■.  group  sc  how  do  we  improve  our 

cooperation  between  those  groups  and  how  cat:  we  educate  our  counterparts  so  that  they  understand  what  our  criteria  are 
trying  to  get  at? 

I  he  final  point  was  touched  on  a  little  by  Mr  Woodfield,  simulation  is  becoming  a  design  tool  that’s  used  universally  throughout 
the  field  these  days  and  we  are  getting  bettei  and  better  at  it  till  the  time.  It’s  a  subject  for  different  conferences.  Hut  we  must 
continually  ask  ourselves  where  is  it  appropriate  and  where  is  it  inappropriate  and  try  to  make  the  absolute  best  use  of  this 
scarce  commodity  of  time  on  different  simulators.  1  ask  you  people,  what  improvements  should  be  pursued  in  out  simulation 
areas?  What  sort  of  things  can  we  do  to  improve  the  data  that’s  coming  out  of  simulation  in  the  flying  qualities  world?  And 
finally  we  have  a  number  of  full  scale  in-flight  facilities,  but  the  majority  of  them  are  getting  old  and  we  should  be  starting  to 
continue  to  develop  new  facilities  so  that  we  can  use  these  as  tools  to  validate  our  other  work  on  the  ground.  I  hope  that 
stimulates  a  little  discussion. 

Mr  Wuennenbcrg 

I  think  there  was  some  overlap  to  the  foregoing  statements,  but  nevertheless  I  think  also  some  new  aspects  that  have  not  yet  been 
covered,  so  we  have  been  glad  to  come  up  with  these  two  groups  on  the  same  subject.  Is  there  any  comment  on  the  statements 
presented? 

Prof.  Campos,  Portugal 

I  would  comment  on  one.  This  was  the  cooperation  between  different  subjects  and  !  would  mention  in  particular  aerodynamics 
and  control.  Sometimes  I  wonder  whether  the  complexity  of  the  control  systems  is  not  partly  due  to  inadequate  aerodynamics. ! 
mean,  it  the  vehicle  is  designed  and  these  qualities  turn  out  to  be  less  than  desirable,  then  the  tendency  is  to  say.  “We  will  make  a 
control  system  which  will  fix  the  problem”  And  I  wonder  whether  sometimes  it  might  not  he  simpler  to  fix  the  aerodynamics 
and  have  a  simpler  control  system.  In  a  sense.  She  question  I'm  putting  is  whether  we  don’t  fall  into  a  situation  where  we  have 
people  who  know  a  lot  about  aerodynamics  and  less  about  control  and  those  who  know  a  lot  about  control  and  less  about 
aerodynamics.  Of  course,  one  has  always  the  argument.  "Well  if  we  re  to  fix  the  aerodynamics  we  have  to  change  the 
configuration  and  that  s  very  costly"  Hut  then  a  complicated  control  system  may  also  he  costly  to  validate  in  the  number  of  flight 
hours  that  you  have,  so  I  m  not  sure  whether  we  always  arrive  at  the  best  compromise.  I  mean,  some  people  argue  we  can  make 
almost  anything  fly,  but  is  that  the  best  solution  or  should  it  not  in  some  situations  be  better  to  try  to  imptove  the  aetodynamics 
and  perhaps  have  simpler  control? 

Mr  WuenisenlH-rg 

Well  it's  challenging;  we  should  give  this  question  to  the  fluid  Dynamics  Panel  to  clarity  whether  they  could  improve  the 
aerodynamics.  I  don  t  know  it  arty  one  of  you  want  to  comment  on  that'.' 

Mr  Flhel,  (  iermany 

In  fact,  there  was  a  meeting  in  l.isbon  about  this  some  wars  ago  and  I  attended  that  and  the  message  which  came  out  of  that 
meeting  essentially  was  "fix  the  aerodynamics  tost'  I  think  that  should  be  taken  to  mean  not  going  to  a  degree  of  instability 
which  you  li\  with  a  flight  control  system  or  fancy  computers  bx  the  aerodynamics  lust  as  fat  as  you  can  do  that. 

Mr  WucnnvEiberg 

Vs.  but  we  have  seen  this  mot  mug  til  the  nice  video  I  loin  Rogers  Smith  how  complicated  this  could  be  at  high  angle  ot  attack 
this  elimination  ,  the  vortices  eommg  bom  every  edge  and  born  the  fuselage  nose  and  so  on  1  hey  are  vet  y  dynamic-  so  it  may 
be  ve:  v  difficult  I  know  tH.it  the  .tcrodynamisis  ate  using  nemendous  amounts  ot  super-computing  to  get  it  clear,  but  this 
i  ■chnoiogy  seems  noi  Ui  he  solved  it  the  moment. 


Pro?  Schneiuer,  (ictmanv 

It  is  m\  present  feeling  that  me  oj  the  tea!  problem  areas  is  education  ot  the  students  and  you  will  really  imd  only  a  tew  students 
who  tire  able  to  be  good  in  aerodynamics  and  good  m  flight  control  at  the  same  lime  You  have  a  teal  separation  m  these  two 
areas  and  1  think  ve  have  to  try  to  educate  them  in  a  bettei  way  mi  that  they  can  understand  both  areas 

Prof.  Ward.  I  niicd  States 

Id  line  (O  set  or,  dthat  thought  and  pamcmt.i  ly  m  Hr- f  mted  States  as  !  think  Prof  Nchucim-r  has  a  tinn  ii  be  its  >  opportunity  to 
Wt'  (l"  m  <h>--  country  f  laving  mm i  bom  the  milit.uy  .diet  .?U  odd  years  amt  v  at.  hlng  specialists  wotk  and  then 
trying  to  Ham  young  people  be  sjvi  'alists.  I  u  ..our  to  the  conclusion  mat  we' v-  |u-„  about  cut  out  ley  toll  by  not  being  able 
to  have  people  who  can  integrate  and  design  J  be  (ienuans,  to  a  very  gnat  .stent  with  your  emphasis  in  umwisity  on  Jr 
nm  gint'ii  ami  ms  utqioi  lance  ne  doing  well  In,  to  ink' ,,  (  kS  university  that  /ic.v  emphe  as  on  design.  and  they  are  Very  lew  am! 
f.u  hcfH’t'Clt 


k  I  I  > 


\ 


IVoi.  fniuxenli,  I  hiitcil  Skives 

!  agree  with  what  you  said  On  the  other  hand,  the  cooperation  the  integration  of  such  different  activities  towards  a  better 
flying  qualities  design  •  it  appears  to  me  more  nowadays  a  management  choice.  That  could  be  oithei  cot  porati  management  or 
could  be  government;  there’s  a  lot  of  complexity  involved  in  putting  togcdi"1  people  from  aen 'dynamics.  I  agree  on  the  lack  of 
integrated  design  capabilities  in  our  universities.  As  a  matter  of  fact,  I  happen  to  be  very  lucky  to  have  a  dual  education  and 
experience  hoih,  with  Old  Work’  and  New  World  education.  In  this  count!  y,  unfortunately,  the  level  of  technology  and  the  ease 
in  generating  numbers  through  computers  has  phased  out  most  of  the  old  engineering  and  manufacturing  capabilities  that  we 
used  to  teach  or  ---  they  vised  to  teach  me.  let's  put  it  this  way.  Aral  it  seems  to  be  a  one-way  street  in  that  we  have  just  this  year 
completely  eliminated  any  CAD/CAM  course  in  our  curriculum;  and  not  to  tell  you  about  materials  and  manufacturing  and 
drawing  and  all  that  .stuff  —  it’s  very  difficult.  I  think  it’s  a  very  general  national  problem  that  clearly  cannoi  lv  sol  veil  Ivy  a  single 
place  and,  if  it  is  a  ;;  voblem.  has  to  be  addressed  in  a  larger  context. 

JVf r  Camper,  United  States 

I  work  for  the  Navy,  Point  Mugu  and  philosophically,  certainly,  getting  back  to  the  original  question  of  not  using  controls  as  a  fix 
for  inadeqr  ate  aerodynamics,  I  agree  with  that.  Operationally,  certainly  in  the  military,  we’re  doomed  to  always  have  hk  than 
the  best  aerodynamics.  For  instance  when  you’re  carrying  significant  external  stores  and  you  drop  them,  you  change  the 
aerodynamics  and  the  mass  properties  of  your  vehicle.  Another  operational  activity  would  be  mid  air  refuelling  and  yet 
another,  which  I  wanted  to  touch  on  later,  was  battle  damage.  You’re  just  going  to  have  to  have  something  to  fix  situations  that 
degrade  your  aerodynamics,  hence  control  systems. 

Mr  Wuennenberg 

We  now  turn  to  the  final  session  which  was  entitled  "High  Angle  of  Attack  and  Large  Attitude  Maneuvering".  I  have  to  say  this 
group  has  a  disadvantage:  since  they  couldn’t  meet  after  the  session,  they  had  to  meet  prior  to  the  session;  hut  hopefully  they 
have  an  opinion  on  their  subject.  This  statement  will  be  presented  by  Mr  Robinson. 

Mr  Robinson,  United  States 

One  advantage  of  being  the  last  one  is  that  you  can  have  a  very  messy  viewgraph  and  use  that,  the  excuse  that  you’re  the  last  one 
and  didn  i  have  time  to  do  it;  thereby  my  excuse.  Before  I  show  it.  I  jo  believe  that  we  concluded  that  in  the  conventional  flight 
regimes  that  we  see  handling  qualities  in  terms  of  criteria  and.  I  think,  specifications  —  the  two  kind  of  go  together  because,  as 
we  pointed  out.  specifications  really  are  becoming  the  guides,  the  rational  guides,  which  you  design  to.  and  then  these  become 
the  criteria,  especially  with  tailoring. 

I  think  the  biggest  problem  we  identified  is  the  one  ironically  which  was  just  discussed.  That’s  the  one  that  the  advent  of 
electronic  flight  controls,  in  particular,  digital  flight  controls  has  created  a  schism,  where  what  I,  in  our  parochial  language  say. 
the  "electron  pushers’  --  in  other  words,  the  electronics  people  —  do  not  relate  to  the  aerodynamics  people;  and  bridging  that 
gap  is  a  place  where  there’s  tremendous  progress  ye  I  to  be  made  However,  in  the  other  area,  and  I  think  Rogers  Smith  said  it 
beautifully  this  morning,  "discovery  is  in  progress' I  coined  that  slightly  differently.  In  the  area  of  high  angle  maneuvering  and 
agility  at  all  angles  of  attack  there  is  progress  being  made  in  the  areas  of  theory  as  Carmen  Ma/n  pointed  out.  We  didn’t  talk  a  lot 
about  the  computational  capabilities,  but  certainly  for  high  angle  of  attack,  highly  agile  vehicles,  be  they  helicopters  or  fixed 
wing  vehicles  to  he  practical  we  re  going  to  have  to  have  computational  design  capabilities.  With  the  advent  of  supcicomputcrs, 
use  of  Navier- Stokes  through  computational  fluid  dynamics  is  coming  along.  Ami.  as  i  matter  of  fact,  we  arc  going  to  use  the 
X  51  and  the  F  -  IK  HARV  as  points  of  correlation  to  show  that  those  computational  tools  in  tact.  work.  I  mentioned 
specifications,  ihc  specifications  also  include  the  design  look  I  he  flunking  of  the  designer  is  going  io  flaw  to  be  different: 
particularly  the  thought  of  an  airplane  pi  .ormasiic  man.  the  si/ei.  the  gti>.  who  puts  the  conliguiation  down,  establishes  the 
basis  ol  whether  the  aerodynamics  of  that  airplane  will  be  any  good  it  not.  who  thinks  ot  the  an  plane  as  a  point  mass.  I  hat's  no 
longc  germane  m  the  regime  we  ic  talking  about,  it's  a  six  degree  c.J  ftcc-lom  point  Hteiefoic  the  budge  lias  to  be  between 
those  artodxnaimcis's  and  tlw  tl  .  hi  ei  tntrois  people  again  And  cenaniiv .  nobod \  has  any  faith  m  any  ol  that  until  ton  can  II \  u 

Agility ,  flic  current  status  is  wv  re  groping  for  a  common  definition  i'll  have  tosav  that  I  personally  was  vet \  heartened  here  t<  i 
we  the  I,  mutton  homing  in  on  .he  rale  of  change  ot  the  state  of  maneuver. .  i  die  second  derivative  of  the  Slight  us.  tot  so  that  ;t  is 
i  ommg  along,  but  what  spec  tf'callx  that  means  is  vet  l<  •  be  defined  You  heat  word  .like  functional  agility  that  pilots  tend  to  use 
What  they're  teally  talking  about,  pet  haps,  is  the  I  mu  to  a  proper  firing  solution  that  has  embodied  much  more  than  agility  in 
persona!  opinion  but  1  have  im  definition  of  agility  and  there’s  probably  hi  other  ones,  n  least,  out  lien-  in  tin  audience 
!  fi.it  s  the  p<  out  Bui  we  have  to  Lave  a  common  one  that  the  pilots  can  understand,  dc  signeis  c  an  undei  stand.  ,md  t tom  dial  we 
can  understand  the  increment  of  combat  utility  that  we  gel  out  of  k 

High  angle  of  attack,  we  have  defined  the  ply  offs.  !  think  quite  rigorously  Both  MBB  and  Rockwell  have  tools  to  do  tins  and 
(lu  isc  m  il>,  are  based  •  >n  our  ■  -vv n  uutk trial  gi  we i  niiiriit  fools  that  we  vc  ajapicd  k  i  be  six  degree  of  i lecduiss  modi  i  1  tuattei 
of  ■■  alula  ting  those  However,  we  clearly  uifei  we  fly  these  airplanes  wdi  have  to  develop  the  requirements  and  catena  and 
b>  .1  I'll  to  1  onu  mi  v  I  (lose'  1*  >  i  tie  t  ukc  t 1  iiiligu  1  ah  on  dr  r*  C I  s.  \ f  1  avc  .  san  It  as  a'-set  -  abbs.  sn..  j .  ..is  ,  s- ..  1  sen  ?u  u  -  at  ee  /  toi  n-.ni  -v, 
and  ci  .st 

S'-  what  an  r  fr-c  ehaiieegc  ,  ’  1  he  chut  cfuiiieuc'c.  1  {.bulk  is  to  lie' cji .p  1  la,;  p;uf;  troin  digit.  t-"s-  back  ...  ;  tve  .  n 
designers  k.-iow  him  much  agility,  how  much  i;>;m  ..-veraL'ditv.  ix-v  snack  handling  qinihuo-.  do  I  Ice.  ...  put  im. 

U hiti  are  the  trades  i'H-twc  eii  these"  I  ben  foie  we an  de  sign  for  high  alpha  and  ,vgi!i:\  ani.l  v-eean  -jutii  1  stand  ti 

k  ‘  !1  ii.'  S  U  j  f  f.'.x  vv  fill '  OL1’  I  UV  ‘  1 ’VH’i  Ul.Vi--: 'U  w  VM.  =  r!'t.  .  MfVcJ  1.  »UK  Ul\  ’.  '  •!}  Si)]..:  «it.x 


K I  IX. 


Mil  Wih'huchIhtj; 


I  thins.,  you  have  exactly  covered  everything  that  the  audience  has  in  mind,  so  mere  arc  no  t|uc..lrous  left. 

I  would  like  to  thank  all  the  Session  Chairmen,  authors  arid  those  who  contributed  from  the  floor,  for  snaking  this  an  inlet  esting 
and  t  hallutging  discussion  period,  and  ;m  excellent  ending  to  this  Symposium. 
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t.  Abstract 

1  he  validity  of  constraining  the  responses  of  today's  control  dominant  aircraft  to  conform  to  the 
classic  living  qualities  criteria  derived  from  stability  dominant  aircraft  experience  Inis  been  an 

’  i  ,  „  ..... 

issue  fo»  many  years  The  iiiiroduction  of  inti  time  visual  scene  enhancement  with  sensor  fusion, 
and  computer  generated,  ia'crpicled  night  scenes,  also  escalates  display  dynamics  into  the  arena 
ol  flying  qualities  <  onccrn. 

Integrated  tligbi  and  ptopulstnn  control  sehemes  and  direct  force  controllers  have  tin  potential  foi 
completely  coupling  ali  the  sensors  w nh  all  the  controllers  to  provide  any  combination  of 
controlled  motion  from  six  independent’)  controlled  sii.glc-dcgrei  of  fiecdom  systems  to  a  single  j 
completely  coupled  six-iiegiecs-t >1  Ireedom  system. 

These  new  technologies  have  expanded  High  t  envelopes.,  reduced  drag,  met  cased  manoeuvrability,  j 
piovided  the  ft  am.  work  F  <s  practical  gust  alleviation  and  active  butter  suppression,  and  provided  j 
flexibility  for  fault-tolerant  damage  adaptive  flight  i  ontiols. 

1  low  ever,  tin  upiJa'ing  oi  thing  qualities  >  riieria  has  m  geneial  not  kept  pace  with  ihc.sc 
ict'hm  (logical  changes.  I  he  pm  nose  ol  tlr.s  Xympusiui; i  was  to  to  view  flying  qua'itu  s  issues  today. 

■  nd  to  report  progress  le.vwods  ihcii  resolution  f  lie  billowing  topic  an  as  were  covered: 

Hying  Qualities  Lv(  riences  on  ( '<  ui'empoi  ary  Aire  rail  ■>  i  R  mg,  Qualities  kf  m  sir);  ; 
■  vt (plication  of  r‘v:r»g  Quaiilie,.  Sfvcdivations  >  ■  '  "  I  Ivmp  Qualities  at  Fngh  uknr r 
1  he  o nidudiflg  “Round  Table  I  >iscuie:ion'  movuied  the  Session  <  lun rim  u  wnh  an  < rppcatuuilY  • 
‘•hare  with  tin  -Sxmjvosium  afU  mlw..  trScn  view  oi  the  major  issue s  tclevant  to  then  ..ession  topic 
whirl:  ■ . .  <)  to  ■  ve  .ideifgvseil  m  ti'u.  hytu.  c 
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